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Preface 


The purpose of this document is to compile the entire test database that was generated 
to support the Reinforced Carbon-Carbon (RCC) Transatlantic Abort Landing (TAL) 
Study. The RCC components used as the Shuttle Orbiter nose cap and wing leading 
edge thermal protection system were originally designed and tested to establish a multi- 
mission entry capability of 2800°F. The requirement to increase the Orbiter range 
capability during certain abort missions resulted in predicted RCC surface temperature 
in excess of 3300°F. Three test series were conducted in the Johnson Space Center 
(JSC) 10 megawatt arc-heated and pressures of the TAL conditions. Test series #1 
(first reported in internal document JSC-22934) was conducted during the period from 
December 16, 1987 to February 2, 1988. The test specimens were ENKA-based RCC, 
coated with silicon carbide, treated with tetraethyl orthosilicate (TEOS), and sealed with 
Type A surface enhancement. The surface temperature ranged from 3000°F to 3400°F, 
and the surface pressure ranged from 60 psf to 101 psf. Test series #2 (first reported in 
internal document JSC-24829) was conducted during the period from October 4, 1989 
to October 19, 1990. Test specimens were either ENKA- or AVTEX-based RCC. Some 
were coated with silicon carbide, and some were not. Some had Type A, and some had 
double Type A surface enhancement. All test specimens were impregnated with TEOS. 
The surface temperatures ranged from 1440°F to 3350°F, and the surface pressure 
ranged from 100 psf to 350 psf. Test series #3 (first reported in internal document JSC- 
25792) was conducted during the period from January 30, 1992 to March 05, 1992. In 
this last test series, the test specimens were ENKA-based RCC. Some specimens were 
coated with silicon carbide, and some were not. None of the specimens was treated 
with TEOS or sealed with Type A. The surface temperature ranged from 2690°F to 
3440°F, and the pressure ranged from 313 psf to 400 psf. The results from these test 
programs provided the database for establishing RCC material single-mission-limit 
temperature and developing surface recession correlations used to predict mass loss for 
abort conditions. 
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Test Series 1 

Conducted from 

December 1987 to February 1988 




SUMMARY 


Single mission entry heating simulation tests were performed on Reinforced 
Carbon-Carbon (RCC) specimens over the temperature range from 3000°F to 3400°F 
to support evaluation of RCC performance for transatlantic abort landings. 
Coating integrity of these specimens was maintained up to 3300 o F but mass 
losses corresponding to a 60% reduction in specimen thicknesses were observed 
at 3400°F . 

RCC multi-mission entry heating simulation tests are scheduled to be performed 
in the ARMSEF during the Summer of 1988 to evaluate reuse capability at 
temperatures above 3000°F. 
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INTRODUCTION 


Reinforced Carbon-Carbon (RCC) serves as the primary structural component of 
the Shuttle Leading Edge Structural Subsystem (LESS). The LESS design 
temperature limit of 2700°F was established using an RCC ground test data base 
that extends up to 3000°F. Aerothermal analyses performed recently to assess 
maximum RCC reentry temperatures during Transatlantic Abort Landings (TAL) 
predict surface temperatures in the range of 3000°F to 3400°F. 

A meeting was held at JSC on August 18, 1987, to develop a plan for extending 
the ground test data base for RCC up to 3400°F. At this meeting it was agreed 
that Rockwell would provide funding for Vought to write a test request, 
fabricate test hardware, and analyze the test results. JSC personnel agreed 
to conduct the test program in the Structures and Mechanics Division's reentry 
simulation facilities. This meeting was documented in Rockwell Internal 
Letter SAS-TA-TPS-87-246. The test request was generated by Vought on 
September 25, 1987, and was identified as TQ No. 221TQ10130. 


OBJECTIVE 


The objective of this test program was to evaluate the single mission 
survivability of silicon carbide coated RCC over the temperature range of 
3000°F to 3400°F. 


TEST SPECIMENS 


Test specimens are 2.8-inch diameter 19-ply discs of reinforced carbon-carbon 
that have been silicon carbide coated by a pack cementation process, treated 
with tetraethyl orthosilicate (TEOS), and sealed with type A surface enhance- 
ment. Although some specimens were purchased by Rockwell and some by JSC, all 
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of the test specimens were fabricated by LTV Missiles and Electronics Group 
(LTVMEG). Three of the fourteen test specimens were mass loss conditioned in 
LTVMEG's Mission Cycle Facility to simulate ten Shuttle entries. Pre-test 
views of the front and back surfaces of the test specimens are shown in 
figure 1. 

Specimen holders were machined from high density graphite and were coated with 
LTVMEG's type IV coating. These holders were fitted with discs of zirconia 
insulation to reduce heat losses from the back surfaces of the specimens 
(see figs. 2 and 3).Poco graphite pins with Vought type IV coating were used 
to retain the specimens. 

Four calibration specimens with type C tungsten thermocouples (5% - 26% 
rhenium) were used to establish test conditions. These calibration specimens 
had two front surface thermocouple and one back surface thermocouple located 
as shown in figure 4. 


TEST FACILITY 

This test program was performed in test position #1 of the JSC Atmospheric 
Reentry and Structures Evaluation Facility (ARMSEF). 

Inside this facility, test gases (77% nitrogen and 23% oxygen) are heated by 
a segmented constricted arc heater and injected into a vacuum chamber through 
a water cooled nozzle that has a 15-degree half angle. While tests are in 
progress the facility vacuum chamber is maintained below 200 microns of 
mercury. Test models are mounted on two water-cooled, remotely actuated sting 
arms that allow them to be inserted after test conditions are stabilized. The 
stagnation pressures experienced by test specimens were determined with a 
0.5-inch diameter water-cooled pitot probe prior to specimen insertion. 
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TEST CONDITIONS 


Tests were performed at 3000°F, 3150°F, 3300°F, and 3400°F at stagnation 
pressures ranging from 60 PSF to 101 PSF. Test gas enthalpies ranged from 
9,400 BTU/lb. to 10,300 BTU/lb. and were determined by the energy balance 
method. A summary of the test conditions which includes surface temperatures, 
pressures, and enthalpies is shown in table I. Two types of pyrometers were 
used during this test program but their indicated readings were of very 
limited use due to the high level of chemical activity present on the 
specimens' surfaces at temperatures above 3000®F. All test conditions 
specified in this report were based on thermocouple readings. 

A minimum exposure time of 300 seconds after surface TC#1 reached 2600°F was 
required by the test request. Calibration tests showed that a 30-second time 
period was sufficient for the specimen to reach 2600°F as shown in figure 5. 


TEST PROCEDURES 


Test specimens were photographed, weighed, and measured prior to testing and 
after testing. Specimens were handled with clean white gloves and weighed to 
within .0001 gram. Test specimens were stored in evacuated desicators that 
were maintained under supervised control by Boeing quality personnel. All 
weights and measures were witnessed by Boeing quality assurance inspectors. 

Aluminum bags were used to prevent absorption of atmospheric moisture while 
the specimens were being weighed. Prior to weighing, the specimens were 
placed inside aluminum bags that were then placed inside a 300°F oven for four 
hours to remove water of hydration. The aluminum bags were then sealed and 
the specimens allowed to cool prior to weighing. 
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RESULTS 


Tests were performed at the conditions shown in table I. No test conditions 
are specified in this table for specimens 13 and 16 because they experienced 
various combinations of temperatures and pressures during the performance of 
pretest calibrations. 

The mass losses specified in table I are subject to errors due to erosion of 
the back surfaces of the specimens, possibly through a reaction with the 
zirconia insulators. Complete loss of coating was observed at 3400°F on test 
specimens OT-5 and OT-6 within about 60 seconds. Although the facility 
two-color pyrometer was not useful for determining RCC coating temperatures, 
it did accurately indicate the temperatures of the exposed carbon substrates 
after coating loss occurred. During both 3400°F tests the pyrometer readings 
quickly rose to 3900°F when the carbon substrate was exposed as shown in 
figure 6. Specimens OT-5 and OT-6 completed the 330-second exposure time 
without breeching through to their back surfaces, but did undergo 
approximately a 60% reduction in thickness. 

Up to 3300°F the test specimens continued to provide oxidation protection for 
the carbon substrate and did not undergo the dramatic mass loss reduction 
observed at 3400°F. A hot spot that grew rapidly was observed at 3300°F on 
specimen 0T-2. This test was aborted at 180 seconds to preserve this specimen 
for inspection. Another 0T series specimen (OT-7) was run without any 
anomalies at this condition to verify that this phenomenon was not "batch" 
related. 


The test articles and preliminary data were shipped to LTVMEG for evaluation 
following these tests. Data sheets containing the weights and thickness 
measurements are included in appendix A. Post -test photographs of the test 
specimens are shown in figure 7. 
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CONCLUSIONS 


The objectives of this test program were fully satisfied. The test facility 
was able to simulate peak reentry conditions that are predicted for a Trans- 
atlantic Abort Landings. Test were performed over the required temperature 
span from 3000°F to 3400°F while maintaining the test gas enthalpy near 
10,000 BTU/lb. and the stagnation pressure at or below 100 psf. Eleven RCC 
specimens were exposed to the full test time that was requested (300 sec. 
exposure after initial transient reaches 2600°F). 

Maintenance of RCC coating integrity was demonstrated under these test 
conditions up to and including 3300°F. Rapid coating degradation and 
subsequent substrate erosion was observed at 3400°F. 
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TABLE I 


RCC OVERTEMPERATURE 
TEST MATRIX 


TEMPERATURE, 

PRESSURE, 

ENTHALPY, 

EXPOSURE 

SPECIMEN 

MASS LOSS, 

RUN 

°F 

PSF 

BTU/LB 

TIME, SEC. 

# 

GR. 

# 

3000 

60 

10,000 

330 

OT -1 

0.49 

628 

3000 

65 

9,500 

330 

21 

0.22 

650 

3000 

65 

9,400 

330 

15 * 

0.08 

651 

3150 

80 

10,000 

330 

or- 3 

0.68 

634 

3150 

73 

10,200 

330 

23 

0.55 

652 

3150 

80 

10,100 

330 

17 * 

0.38 

653 

3300 

90 

10,000 

180 

OT -2 

0.82 

631 

3300 

85 

10,600 

330 

18 

0.75 

654 

3300 

86 

10,600 

330 

19 * 

0.74 

655 

3300 

85 

10,600 

330 

OT -7 

1.17 

657 

3400 

101 

10,300 

330 

OT -5 

21.1 

656 

3400 

101 

10,300 

330 

OT- 6 

19.6 

658 


* PRE-CONDITIONED 
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Note on Figure 1 contents: 


Pretest photographs were not available of the following: 

(a) #13, calibration specimen 

(b) #16, calibration specimen 

(c) #OT-1,3000 F specimen 
(f) #OT-3, 3150 F specimen 
(i) #OT-2, 3300 F specimen 

Thus figure 1 begins with item (d). (See opposite page.) 
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(d) #21, 3000 F Specimen. 
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3000 F Specimen (Preconditioned) 
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Figure 1.- Continued 
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(h) #17, 3150 F Specimen (Preconditioned) 
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Figure 1.- Continued. 
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(k) #19, 3300 Specimen (Preconditioned). 
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(1) #0T7, 3300 F Specimen 
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Figure 1 . -Continued . 
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Figure 3— Zirconia Insulator 
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Figure 5 
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reached within 30 seconds. 
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Figure 7.- Continued 
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Figure 7.- Continued 
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3000 F Specimen (Preconditioned) 
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Ficjure 7.- Continued. 
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Fiqure 7 .- Continued 
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Specimen (Preconditioned). 
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Fiqure 7 .-Continued . 
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Fiqure 7.- Continued 
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(k) #19, 3300 Specimen (Preconditioned) 




1-34 


(1) #0T7, 3300 F Specimen 
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Fiqure 7 * -Continued 
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Figure 7.- Concluded 
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NOTE: QAS SHALL VERIFY ALL WEIGHTS AND MEASUREMENTS . 
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NOTE: ALL TEST ARTICLES SHALL BE HANDLED WITH CLEAN WHITE GLOVES, 
NOTE : QAS SHALL VERIFY ALL WEIGHTS AND MEASUREMENTS . 



Test Series 2 

Conducted from 

October 4, 1989 to October 19, 1990 




1.0 SUMMARY 


Reentry simulation testing of reinforced carbon-carbon (RCC) specimens was 
performed between October 4,1989 and October 19, 1990 in the Structures and 
Mechanics Division (SMD) arc jet facilities to support development of 
transatlantic abort landings (TAL) RCC recession rate correlations. 

Forty-one single mission simulation tests were performed on ENKA and AVTEX 
based coated RCC for temperatures ranging from 3000 °F to 3350 °F and 
pressures ranging from 100 to 350 psf. Initiation of rapid coating degradation 
was observed for both materials at 3250 °F to 3300 °F as documented 
previously for ENKA based RCC (JSC 22934). Results from these tests show 
that no loss of performance has been induced by changing the RCC cloth 
precursor from ENKA to AVTEX. 

Verification that these single mission simulation tests are acceptable for 
evaluation of RCC with multi-mission exposure was achieved by testing a 
specimen up to 3250 °F after it was conditioned to have the equivalent of 10 
nominal mission reentries and 5 heavy load mission reentries. 

Thirteen tests were performed on uncoated RCC specimens over the same 
pressure range from 1440 °F to 3330 °F to evaluate the performance of RCC 
substrates after coating loss occurs. 

At the conclusion of this test program, two coated ENKA RCC specimens were 
evaluated under conditions that were estimated to be equivalent to a CAMA-6 
TAL reentry (3340 °F peak temperature). These specimens survived without 
breaching of the coating, since the CAMA-6 temperature prediction is within the 
rapid degradation range for only a short period. 
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2.0 INTRODUC T ION 


A desire for increasing orbiter contingency abort ranging capability was 
identified in early 1989. The rationale for this stretch capability is to maximize 
crew and vehicle survivability. Extending the orbiter ranging capabilities can be 
accomplished by reducing the post main engine cut off (MECO) entry angle-of- 
attack. The aerodynamics involved with these reduced angle-of-attack 
trajectories cause a large initial decent of the orbiter. This rapid descent into the 
denser lower atmosphere causes high aeroheating on the orbiter. Thermal 
math model analysis of these trajectories have predicted surface temperatures 
to 3350 °F range on the wing leading edge which is constructed from reinforced 
carbon-carbon (RCC). A contingency abort trajectory was established for STS- 
36 which results in a maximum surface temperature of 3343 °F. These 
temperature levels exceed the RCC single mission design limits and the current 
RCC data base. 

The present orbiter Leading Edge Structure Subsystem (LESS) uses ENKA 
rayon as the precursor in the fabrication of RCC (Vehicles OV102 - OV105 
LESS). The ENKA rayon is no longer available for the fabrication of future 
replacement parts of the RCC LESS. A replacement material is AVTEX rayon. 
Test specimens were fabricated from the available ENKA rayon and AVTEX 
rayon to obtain test data and establish a data base to be used in the 
assessment of orbiter surface environments which would result in surface 
temperatures that exceed the RCC design limits. 

LTV was provided funding through Rockwell for fabrication of the test hardware. 
Rockwell wrote a test request and analyzed the test results. The test request 
was generated by Rockwell- Houston on June 14, 1989, and was identified as 
TR # SE-TSAT-89-041 . The test program was conducted in the JSC Structures 
and Mechanics Division’s 10 MW reentry simulation facility. Only AVTEX RCC 
specimens were available during the early phase (from October 4, 1989 to 
March 21 , 1990) of this test program. When the ENKA RCC specimens became 
available, the test was resumed on August 6, 1990 and was completed on 
October 19, 1990. The purpose of this report is to document the results of this 
test program. 
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3.0 OBJECTIVES 


The objective of this test program was to generate a data base for quantifying 
coated and uncoated RCC surface recession as a function of temperature and 
pressure in environment regimes representative of a stretched TAL abort. 


4.0 TEST SPECIMENS 

A total of 62 test specimens and 1 7 calibration models were available in this test 
program. All 79 test specimens are 2.8 - inch diameter 19 - ply discs of 
reinforced carbon-carbon. A schematic of a typical test specimen is shown in 
figure 1-(a). There were four classes of specimens which were fabricated from 
either AVTEX or ENKA RCC substrate: 

Coated/TEOS/Type A specimens have been silicon carbide coated, 

impregnated with Tetra-Ethyl Ortho-Silicate (TEOS) and 
sealed with Type A surface enhancement. 
Coated/TEOS/No Type A specimens have been silicon carbide coated, 

impregnated with TEOS but have not been sealed with 
Type A surface enhancement. 

Coated/TEOS/Double Type A specimens have been silicon carbide coated, 

impregnated with TEOS and sealed with double coated 
Type A surface enhancement. 

Uncoated/TEOS specimens only have RCC rayon, impregnated with TEOS. 

Each specimen has an identification number inscribed on the “bag side" 
surface. Thirteen test specimens out of the 62 specimens were transferred from 
the "Convective Mass Loss Characterization Test for AVTEX Based RCC" test 
program. Thirty-one specimens and 7 calibration models were 
AVTEX/coated/T EOS/Type A; two specimens were 

AVTEX/coated/TEOS/Double Type A; 7 specimens and three calibration models 
were ENKA/coated/TEOS/No Type A; 10 specimens and two calibration models 
were ENKA/coated/TEOS/Type A; 8 specimens and two calibration models 
were AVTEX/uncoated/TEOS; four specimens and three calibration models 
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were ENKA/uncoated/TEOS. A summary of the model identification can be 
found in table I. 

Seventeen calibration models with type C tungsten thermocouples (5% - 26% 
rhenium) were used to establish the test conditions. These calibration models 
had two front surface thermocouples located as shown in figure 1-(b) to 1-(d). 
Although some errors are induced by conduction down the thermocouple lead 
wires, a thermal math model of this configuration indicates that the RCC surface 
temperature should not be more than 1 5 °F higher than the measured values. 

All test specimens and calibration models were fabricated by LTV Missiles and 
Electronics Group (LTVMEG). Each specimen has four edge slots to accept the 
pins that retain the specimen within the holder. Specimen holders were 
machined from high density graphite and were coated with LTVMEG’s type IV 
coating. These holders were fitted with discs of zirconia insulation to reduce 
heat losses from the back surfaces of the specimens as shown in figure 2. Poco 
graphite pins with Vought type IV coating were used to retain the specimens as 
shown in this figure. 


5.0 TEST FACILITY 

This test program was performed in test position #1 of the JSC Atmospheric 
Reentry and Structures Evaluation Facility (ARMSEF). This test position is the 
larger of the two shown in the artist's concept of the ARMSEF that is presented 
in figure 3. Test gases (77% nitrogen and 23% oxygen) are heated by a 
segmented constricted arc heater and injected into a vacuum chamber through 
a water cooled 5-inch diameter nozzle that has a 15-degree half angle. To 
maintain high stagnation pressures while achieving the lower temperatures 
required to test the uncoated RCC, 25 % of the nitrogen gas was injected at the 
plenum. When tests are in progress the facility vacuum is maintained below 
200 microns of mercury. Test specimens are mounted on two water-cooled, 
remotely actuated sting arms that allow them to be inserted after test conditions 
are stabilized. 


2-4 


6.0 TE ST PR OCEDURES 


Test specimens were photographed, weighed, and measured prior to testing 
and after testing. Specimens were handled with clean white gloves and 
weighed to within 0.001 gram. Test specimens were stored in an evacuated 
desiccator that was maintained under supervised control by EBASCO quality 
personnel. All weights and measures were witnessed by EBASCO quality 
assurance inspectors. Rigorous test management and control were 
implemented by formal documentations (e.g. Discrepancy Reports, Anomaly 
Logs, Standard Operating Procedures, and Test Plan Sheets). 

Aluminum bags were used to prevent absorption of atmospheric moisture while 
the specimens were being weighed. Prior to weighing, the specimens were 
placed inside aluminum bags that were then placed inside a 300 °F oven for 
four hours to remove water of hydration. The aluminum bags were then sealed 
and the specimens allowed to cool prior to weighing. 

After the specimens had been tested, the specimens were left in vacuum for 25 
minutes so that the temperature of the specimens would fall below 500 °F to 
minimize oxidation of the carbon substrate. 


7.0 TEST CONDITIONS AND CALIBRATIONS 

The test conditions in this test program were chosen to simulate the maximum 
temperature and pressure of the TAL trajectories predictions. Several test 
conditions at lower temperatures and pressure were also needed to provide 
data for the thermal math model. Due to the complexities of the test matrix, the 
surface temperature of the specimens was chosen to be the primary 
requirement while the surface pressure was the secondary requirement. The 
surface pressure of the test specimens range from 100 psf to 350 psf; the 
surface temperature of the coated test specimens range from 3000 °F to 3350 
°F and the surface temperature of the uncoated test specimens range from 1440 
°F to 3330 °F. The exact test conditions in terms of RCC surface temperature 
and surface pressure are summarized in Table I. 
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The surface pressure of the test specimen was established using a pressure 
model, as shown in figure 4, which had the same physical dimensions as the 
test specimen installed in its holder. Three pressure ports on the front surface of 
the pressure model recorded the surface pressure at different locations to give a 
pressure distribution across the pressure model. The centerline pressure 
measurement was then correlated to the 0.5-inch diameter water-cooled facility 
pitot probe. The resultant correlation is shown in figure 5-(a). Figure 5-(b) 
shows typical plots of the pressure profile at three different test conditions. Prior 
to model insertion during test, a pitot probe measurement was taken to confirm 
the surface pressure of the model. 

A laser pyrometer was used to measure the surface temperature response of 
the calibration models. A brief description on the theory and operation of the 
laser pyrometer can be found in appendix A. The output of the laser pyrometer 
was then correlated with the type C tungsten thermocouples of the calibration 
models. An emissivity of 0.68 and a viewing angle of 35 ° were used to 
compensate for the emittance loss, and losses due to the optics. After the 
emissivity correction was made, the corrected temperature was recorded and 
designated as "L PYR X". The emissivity corrected temperature of the laser 
pyrometer agreed with the reading of the center thermocouple (TCI) of the 
calibration models to within 10 °F. The agreement of the L PYR X and the 
thermocouple was checked and confirmed repeatedly throughout the test 
program over a temperature range from 2700 °F to 3400 °F. Figure 6 shows a 
schematic of the test setup with the laser pyrometer and figure 7 shows a typical 
response of the surface thermocouples and the L PYR X. During test, the laser 
pyrometer was the sole instrument used to monitor the surface temperature of 
the test specimens. 

Heating rate measurements were also taken to monitor the arc jet conditions 
before inserting the test specimens. The heating rate sensor was a Gardon- 
gage type calorimeter with a polished one inch diameter copper heat sink 
surrounding a polished 0.1 inch diameter constantan disk. It was installed in a 
four-inch diameter water cooled copper holder, as shown in figure 8, to match 
the size of the specimen holder. Since the mechanism of the gas dissociation 
in the arc jet is different from the flight environment, the heating rate 
measurements should not be used to compare with the flight prediction. 
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Since only a limited number of calibration models were available in this test 
program, the calibration procedures employed in this test program deviated 
slightly from common practice of the ARMSEF. Instead of homing in on each of 
the surface temperatures listed in the test matrix by using a calibration model for 
each test specimen, the calibration models were used to build up a family of 
curves from 2800 °F up to 3350 °F. The arc jet operating conditions required to 
achieve the test conditions in the test matrix were then extracted from these 
curves. There was one curve for each type of test specimens at each pressure 
range. Figure 9-(a) to (e) are the temperature versus heating rate curves, and 
figure 10 is a composite plot of the curves at 100 psf and 300psf with some of 
the coated specimens identified on the plot. 


8.0 RESULTS 

Tests were performed at the conditions shown in table I. Before any discussion 
of the test results, a few terminologies will be defined here to facilitate 
understanding the phenomena observed during tests. 

Hot spot is referred to a rapid increase in temperature on the surface of the 
model. This is a well defined transition at pressure below 200 psf but the 
transition becomes less distinct at higher pressure. The onset of the hot spot 
can be identified visually viewing through the television monitor or graphically 
plotting the surface temperature response of the specimen as shown in figure 7. 

Coating breach occurs when the silicon carbide (SiC) coating is eroded 
away and carbon substrate is exposed. Coating breach occurred about 30 
seconds to a minute after the hot spot is developed. 

The test results documented in the following sections are grouped into five 
categories: (1) test conditions under which no hot spot is developed; (2) test 
conditions under which hot spot may be developed; (3) test conditions under 
which hot spot is definitely developed; (4) miscellaneous tests on coated RCC; 
(5) tests on the uncoated RCC. A test summary can be found in appendix B and 
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the temperature response curves of the test specimens can be found in 
appendix C. 

8.1 Surface temperature below 3250 °F 

All test specimens except IN09 tested below 3250 °F did not develop a hot spot. 
Table II shows the test conditions and figure 1 1-(a) to (q) are the post test 
photographs of the test specimens. Post test inspection indicated that the 
coating at the back of specimens # IN09, IN21, IN25 had some reactions with 
oxygen exposing the carbon substrate as shown in figure 1 1-(g), (j), (m). The 
exact mechanism for this reaction is not well understood but the reaction seems 
to be temperature and pressure sensitive since only a narrow strip of the 
coating is being affected. The following paragraphs document the 
abnormalities during testing. 

Specimen # 2 was installed backward with the "bag side" being tested. 
However, no abnormal degradation was observed due to this oversight. 

The test on specimen # 1 6 was aborted after 800 seconds due to vacuum 
fluctuation. No vacuum cooldown was performed on this specimen. 

After testing specimen # 18 at 3200 °F for 330 seconds, there was a vacuum 
abort at about five minutes into the vacuum cooldown cycle. The surface 
temperature of the specimen at that time was estimated to be about 1 000 °F. 

The target test conditions of specimen # IN05 was 3200 °F, 100 psf but the 
temperature stabilized at 3120°F. The test was terminated after 737 seconds of 
testing. This test condition was repeated using specimen # IN09. 

Specimen # IN09 was tested at 3200 °F, 1 00 psf test conditions. A hot spot was 
observed at 58 minutes into the test and the hot spot did not propagate until 70 
seconds later. Post test inspection revealed an indentation at the location of the 
hot spot as shown in figure 1 1 -(g). It is believed that the hot spot was due to a 
coating flaw rather than coating failure. 
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The test on specimen # INI 4 was aborted after 223 seconds due to vacuum 
fluctuation. No vacuum cooldown was performed on this specimen. 

8.2 Surface temperature between 3250 °F and 3300 °F 

Except specimens # 17 and IN23, all other specimens had developed a hot spot 
in this temperature range. Since specimen # 17 was tested at 3300 °F and 187 
psf for 170 seconds while specimen # IN23 was tested at 3250 °F and 313 psf 
for 900 seconds without developing a hot spot, it is believed that the 
temperature for the hot spot to develop lies within this temperature zone. Table 
III shows the test conditions of these specimens, and figure 12-(a) to (o) are the 
post test photographs of the specimens. 

The test on specimen # 17 / 287 was aborted after 170 seconds due to vacuum 
fluctuation. No vacuum cooldown was performed on this specimen. 

Specimen INI 8 was tested at 3300 °F and 325 psf for 330 seconds. Post test 
inspections showed that the front surface silicon carbide (SiC) coating and all 
the carbon substrate had been eroded, and only the coating on the back of the 
specimen remained, as shown in figure 12-(n). 

8.3 Surface temperature above 3300 °F 

All test specimens tested above 3300 °F developed a hot spot. Table IV is a 
summary of the test conditions and figure 13-(a) to (f) are post test photographs 
of the models. 

8.4 Miscellaneous tests on coated RCC 

Specimen AC13/191 was exposed to 2770 °F, 150 psf for 3550 seconds to 
simulate ten normal load orbiter reentry missions. It was then exposed to 2900 
°F, 150 psf for 1850 seconds to simulate five heavy load orbiter reentry 
missions. This specimen was tested again to search for the conditions that the 
hot spot developed. The surface temperature of the specimen was allowed to 
stabilized at 3000 °F and 200 psf, then increased slowly at 50 °F increment. Hot 
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spot was observed at 3250 °F and the test was terminated 30 seconds after the 
hot spot had developed. 

Two specimens, AU05/180 and AU08/184, were tested to simulate the CAMA-6 
trajectory. The peak temperature and pressure of the CAMA-6 trajectory were 
3340 °F and 300 psf respectively. Both specimens were tested at constant 
pressure of 300 psf and time-varying heating conditions. 

Specimen AU05/180 was held at 3340 °F for ten seconds and a hot spot 
developed at the same time the heat load on the specimen was reduced. The 
hot spot disappeared 35 seconds after it had developed and the temperature 
stabilized at 3200 °F for another 30 seconds. Figure 14-(a) shows the surface 
temperature of the specimen with the CAMA-6 temperature prediction 
superimposed for comparison. The total exposure time for AU05/180 was 154 
seconds. Figure 1 4-(b) is the post test photograph of AU05/1 80 which showed 
coating failure but did not show coating breach. 

The surface temperature of specimen AU08/184 was held above 3300 °F for 25 
seconds and the peak surface temperature was 3350 °F for six seconds. The 
heat load on the specimen was then reduced at 45 seconds into test to lower 
the surface temperature to 3200 °F for 30 seconds. Total exposure time for this 
specimen was 80 seconds. Figure 15-(a) shows the surface temperature of the 
specimen with the CAMA-6 temperature prediction superimposed for 
comparison. Figure 15-(b) is the post test photograph of AU08/184 which did 
not experience any coating failure. 

8.5 Uncoated RCC 

Twelve uncoated RCC specimens, eight AVTEX and four ENKA, were tested at 
different combinations of surface temperature, pressure, and test duration so 
that approximately 40 percent erosion of the RCC could occur. Table V shows 
the conditions under which the specimens were tested, and figure 16-(a) to (m) 
are the post test photographs of the uncoated specimens. Since the uncoated 
RCC does not erode significantly in nitrogen rich environment, the uncoated test 
specimens were pre-heated in a pure nitrogen environment before switching to 
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air. This pre-heat cycle reduced the transient time that the specimens were 
exposed to air and thus improved the data accuracy. 

Specimen # 27 was tested twice, once on the front surface and once on the 
back surface. Specimens tested below 2600 °F had a layer of white silica 
formed on the surface as shown on figure 16. At higher temperature, the silica 
was probably eroded away leaving the carbon substrate as shown in figure 16- 
(I), and 16-(m). 

8.6 Surface temperature responses of coated RCC specimens 

During the early phase of the test program, only AVTEX based RCC specimens 
were available for testing. Calibration curves from figure 9-(a), and 9-(c) were 
able to predict the surface temperature of the TAL abort AVTEX RCC specimens 
which had thicker SiC coating, and those specimens being transferred from the 
AVTEX Mass Loss Characterization Test. These two curves were confirmed 
again using an AVTEX calibration model and two ENKA coated/TEOS/Type A 
RCC calibration models when the ENKA RCC test specimens became 
available. Calibration curves from figure 9-(b), and 9-(d) were also established 
using the appropriate ENKA RCC calibration models. 

When all the tests at the 1 00 psf conditions had been completed, test data had 
shown that the surface temperature responses of some test specimens deviated 
from the calibration curves. An AVTEX RCC specimen # AU04 from the mass 
loss program was used as a calibration model to check or to establish the 
calibration curve at 300 psf conditions. The new calibration curve using 
specimen # AU04 behaved significantly different from the calibration curve 
using the ENKA calibration models as shown in figure 10. In order to deal with 
the uncertainties in temperature responses, these tests at 3250 °F and 3300 °F 
surface temperature conditions were performed first so that any higher or lower 
surface temperature responses would fall back onto the test matrix. Figure 10 
shows the composite plot of the calibration curves for 100 psf and 300 psf test 
conditions with all the ENKA RCC and some AVTEX RCC test specimens 
identified on the plot. Although no recognizable pattern can be established 
among each type of test specimens, all the specimens tested at 300 psf in 
general can be grouped into three curves as shown in figure 10. By 
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extrapolating these three curves, they seem to converge into a single curve at 
temperature below 2900 °F. The uncertainties in surface temperature 
responses at elevated temperatures may be due to slight variation in emissivity 
which was being amplified when the specimens were tested to their maximum 
capabilities. 
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9.0 CONCLUSIONS 

9.1 Mass Loss Correlation Tests 

After testing 17 calibration models and 59 test specimens, the primary test 
findings can be summarized as follows: (1) hot spot (i.e. rapid coating 
degradation) develops at temperatures between 3250 °F to 3300 °F; (2) for up 
to 15 missions the temperature for onset of this phenomena is independent of 
the number of missions flown; (3) there are no differences in thermal 
performance between ENKA and AVTEX RCC at high temperatures; (4) the 
onset of hot spots is independent of pressure within the pressure range from 
100 psf to 350 psf; (5) coating thickness has no bearing on the onset of hot 
spots; (6) test specimens tested under identical test conditions have markedly 
different temperature responses at temperature above 3100 °F. 

9.2 Survivability Tests 

No coating breach was observed during the CAMA-6 simulation tests, thereby 
demonstrating the survivability of coated RCC under predicted TAL Abort 
reentry conditions. 
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TABLE I 


I *i l*j b j h Q I »] 3 c ii I a [•£! I [•] c I 


AVTEX / COATED / TEOS / TYPE A 


LTV ID JSC ID 



TEST 

CONDITIONS 


3200 °F, 103 psf 


3000 °F, 160 psf 


3060 °F, 320 psf 


3200 °F, 320 psf 


3250 °F, 320 psf 


3250 °F, 320 psf 


3300 °F, 104 psf 


3300 °F, 105 psf 


3300 °F, 353 psf 


3300 °F, 188 psf 


3200 °F, 178 psf 


3280 °F, 186 psf 


3000 °F, 160 psf 


3300 °F, 187 psf 


3200 °F, 176 psf 


REMARKS 


3300 °F, 107 psf 


2975 °F, 95 psf 


3300 °F, 104 psf 


3100 °F, 90 psf 


3200 °F, 103 psf 


3300 °F, 183 psf 




calibration model 


calibration model 


calibration model 


calibration model 


calibration model 


calibration model 


calibration model 


mass loss transfer 


mass loss transfer 


mass loss transfer 


mass loss transfer 


mass loss transfer 


mass loss transfer 
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29 

AU-02 

174 

calibrations 

30 

AU-04 

178 

calibrations 

31 

AU-05 

180 

CAMA-6 

32 

AU-08 

184 

CAMA-6 

33 

AC-13 1 

191 

simulate 15 missions 

34 

AC-22 

207 

3100 °F, 100 psf 

35 

AT- 15 

183 

3350 °F, 338 psf 

36 

IN-25 

394 

3200 °F, 105 psf 

37 

IN-26 

395 

3350 °F, 338 psf 

38 

IN-28 

396 

3225 °F, 312 psf 


mass loss transfer 


mass loss transfer 


mass loss transfer 


mass loss transfer 


mass loss transfer 


mass loss transfer 



ENKA / COATED / TEOS / TYPE A 


3340 °F, 337 psf 


3350 °F, 101 psf 


3300 °F, 325 psf 


3250 °F, 317 psf 


3230 °F, 309 psf 


3300 °F, 325 psf 


3320 °F, 338 psf 


3200 °F, 293 psf 


3180 °F, 303 psf 


did not test 


calibration model 


calibration model 


ENKA / COATED / TEOS / NO TYPE A 


3120 °F. 97 psf 


3200 °F, 97 psf 


various 


3200 °F, 293 psf 


3230 °F, 301 psf 


3250 °F, 313 psf 


3350 °F, 325 psf 


calibration model 


calibration model 


calibration model 


39 

IN-04 

384 

40 

IN-06 

385 

41 

IN-08 

386 

42 

IN-12 

387 

43 

IN-14 

388 

44 

IN-18 

389 

45 

IN-20 

390 

46 

IN-21 

391 

47 

IN-22 

392 

48 

IN-33 

393 

49 

IN-10 

369 

50 

IN-16 

372 


51 

IN-05 

373 

52 

IN-09 

374 

53 

IN-11 

375 

54 

IN-17 

376 

55 

IN-19 

377 

56 

IN-23 

378 

57 

IN-29 

379 

58 

IN-07 

368 

59 

IN-13 

370 

60 

IN-15 

371 


test not valid 
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TABLE II 

SPECIMENS T ES T ED BELOW 325 Q °F 


LTV ID / JSC ID 

TEMPERATURE 

PRESSURE 

TEST TIME 

HOT SPOT 

AB13/ 173 

2975 °F 


353 s 

no 

3/275 

3000 °F 


330 s 

no 

16/286 

3000 °F 


800 s 

no 

4/276 

3060 °F 


330 s 

no 

AB15/ 177 

3100 °F 


330 s 

no 

AC22 / 207 

3100 °F 

■n 

3300 s 

no 

IN05 / 373 

3120 °F 

97 psf 

770 s 

no 

IN22 / 392 

3180 °F 


330 s 

no 

IN09 / 374 

3200 °F 

97 psf 

3600 s 


2/274 

3200 °F 


330 s 

no 

AB16/ 179 

3200 °F 


330 s 

no 

IN25 / 394 

3200 °F 

I 

3600 s 

no 

18/288 

3200 °F 

HBSSSH 

330 s 

no 

14/284 

3200 °F 


600 s 

no 

IN21 / 391 

3200 °F 


1200 s 

no 

5/277 

3200 °F 


330 s 

no 

IN28 / 396 

3225 °F 


900 s 

no 

INI 9 / 377 

3230 °F 


3600 s 

no 

INI 4 / 388 

3230 °F 

WESStM 

223 s 

no 
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TABLE III 

SPECIMENS TESTED BETWEEN 3250 °F AND 3300 °F 


LTV ID / JSC ID 

TEMPERATURE 

PRESSURE 

TEST TIME 

HOT SPOT 

IN23 / 378 

3250 °F 

HBEISH 

900 s 

no 

INI 2 / 387 

3250 °F 


330 s 


6/278 

3250 °F 

HESJ5HBI 

127 s 


7/279 

3250 °F 


187 s 


15/285 

3280 °F 

IHE9SH 

67 s 


AB14/ 175 

3300 °F 


105 s 

■KISS 

8/280 

3300 °F 


78 s 


9/281 

3300 °F 

■BS9SHI 

63 s 


AB12/ 171 

3300 °F 


58 s 


AU01 / 172 

3300 °F 

HESISBi 

158 s 

rm 

17/287 

3300 °F 


170 s 

no 

13/283 

3300 °F 


45 s 


IN08 / 386 

3300 °F 


110 s 


INI 8/ 389 

3300 °F 


330 s 

im 

10/282 

3300 °F 


103 s 

■m 
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TABLE IV 

SPECIMENS TESTED ABOVE 3300 °F 


LTV ID / JSC ID 

TEMPERATURE 

PRESSURE 

TEST TIME 

HOT SPOT 

IN20 / 390 

3320 °F 


94 s 


IN04 / 384 

3340 °F 

WKSSBlSM 

70s 


IN06 / 385 

3350 °F 


73 s 


ATI 5 / 183 

3350 °F 


87 s 


IN29 / 379 

3350 °F 


133 s 


IN26 / 395 

3350 °F 

KEETH 

64 s 
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TABLE V 

TEST CONDITIONS FOR UNCOATED RCC 


LTV ID / JSC ID 

TEMPERATURE 

PRESSURE 

TEST TIME 

28 / 271 

1440 °F 

75 psf 

120 s pre-heat + 4500 s air 

27 / 270 

1800 °F 


120 s pre-heat + 525 s air 

25 / 268 

1800 °F 

■BSTSH 

600 s air 

26 / 269 

2140 °F 


500 s air 

IN34 / 383 

2200 °F 


70 s pre-heat + 600 s air 

24 / 267 

2400 °F 


300 s air 

32 / 273 

2500 °F 

■BSfm 

120 s pre-heat + 400 s air 

IN31 / 382 

2620 °F 


120 s pre-heat + 330 s air 

23 / 266 

2850 °F 

I 

225 s pre-heat + 1 80 s air 

29 / 272 

2900 °F 

HD33SBI 

120 s pre-heat + 200 s air 

27 / 270 

3100 °F 


320 s air / retest on the back 

IN30 / 381 

3160 °F 

I 

120 s pre-heat + 153 s air 

IN24 / 380 

3330 °F 


120 s pre-heat + 150 s air 
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NOTE: 1. INSTRUMENT THE RCC DISK WITH THREE (3) 

TUNGSTEN 5% RHENIUM / TUNGSTEN 26% RHENIUM 
(TYPE C) THERMOCOUPLES. 

2. FOR THERMOCOUPLES #1 AND #3, DRILL HOLES THROUGH 
BACK FACE (BAG SIDE) COATING FOR 1/16" DIA. ALUMINA 
INSULATORS. THERMOCOUPLES ARE TO BE INSTALLED 
AGAINST THE BACK OF THE FRONT FACE COATING. 

3. THERMOCOUPLE #2 IS TO BE BONDED TO THE BACK 
FACE OF THE DISK. 

4. BOND THE INSULATOR FOR TC #2 TO THE INSULATOR 
FOR TC#1. 

5. ALUMINA INSULATORS ARE TO EXTEND 1.5"FROM THE 
BACK FACE. 

6. THE TOTAL LENGTH OF THERMOCOUPLE WIRE PLUS THE 
COMPENSATING LEAD WIRES IS TO 31/2 FEET. 


Figure 1 -(b). Schematic of the calibration model. 
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3.95" O.D., 2.830 I.D. 
SPECIMEN HOLDER 



Figure 2. Test configuration with the RCC test specimen installed in the model 

holder. 
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JSC lOMw ARMSEF 



Figure 3. Artist's Concept of ARMSEF, depicting test chambers, vacuum 

system, and control room. 
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COMPUTER ROOM 


SIZE OF THE 
SPECIMEN 




^ T r 

TO 

PRESSURE 

TRANSDUCER 


Figure 4-(a). Schematic of the pressure model 









Pitot Pressure (psf) 


Pressure Port 1 (psf) 

Figure 5-(a). Pressure correlation between the pressure port, PI , and the pitot 

probe. 

Surface Pressure (psf) 


Distance (in) 

Figure 5-(b). Pressure distribution on the surface of the RCC model at three 

different pressure ranges. 






Figure 6. Test setup with the laser pyrometer. 
V 2-30 
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G> 



0 80 160 240 320 400 480 560 

TIME IN SECONDS 


ROC TflL ffiCRT TEST SERIES LT ARM / RT QflL # 301/1 9B04R01 RCD4 2 


Figure 7-(a). Temperature responses of the surface thermocouples and the 
laser pyrometer on an AVTEX Coated/TEOS/Type A specimen. 
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Figure 7-(b). Temperature responses of the surface thermocouples and the 
laser pyrometer on an ENKA Coated/TEOS/No Type A specimen. 
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Figure 8. Photograph of the calorimeter installed in a 4.0" diameter water 

cooled copper holder. 
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Temperature (F) 



Heating Rate (btu/sq ft/s) 


Figure 9-(a). Temperature versus heating rate curve for Coated/TEOS/Type A 
RCC specimen at 1 00 psf pressure range. 
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Temperature (F) 



Figure 9-(b). Temperature versus heating rate curve for Coated/TEOS/No Type 

A RCC specimen at 100 psf range. 
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Figure 9-(c). Temperature versus heating rate curve for Coated/TEOS/Type A 
RCC specimen at 200 psf pressure range. 
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Temperature (F) 



Heating Rate (btu/sq ft/s) 


Figure 9-(d). Temperature versus heating rate curve for Coated/TEOS/Type A 
and No Type A RCC specimen at 300 psf pressure range. 




Temperature (F) 



Figure 9-(e). Temperature versus heating rate curves for Uncoated/TEOS RCC 

specimen. 
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Temperature (F) 


300 psf 


100 psf 



0.09 TYPE A 
0.09 NO A 
0.6 NO A T/C 1 
0.6 TYPE A T/C 1 
AU04 

TYPE A TEMP 
NO A TEMP 


Figure 10. Composite plot of the temperature versus heating rate curves at 100 
psf and 300 psf with some coated specimens identified on the plot. 
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Figure 1 1 -(b). Post test photograph of specimen #3 at 3000 °F, 160 psf for 

330s. 
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Figure 1 1 -(c). Post test photograph of specimen #16 at 3000 °F, 160 psf for 

800s. 
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Figure 1 1 -(d). Post test photograph of specimen #4 at 3060 °F, 320 psf for 

330s. 








Figure 1 1 -(e). Post test photograph of specimen #AB1 5 at 31 00 °F, 90 psf for 


330 s. 
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FRONT BACK 




Figure 1 1 -(f). Post test photograph of specimen #IN22 at 3180 °F, 303 psf for 

330 s. 
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Figure 1 1 -(g). Post test photograph of specimen #IN09 at 3200 °F, 97 psf for 

3600 s. 
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Figure 1 1 -(h). Post test photograph of specimen #2 at 3200 °F, 103 psf for 

330s. 
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FRONT BACK 



Figure 1 1-(i). Post test photograph of specimen #AB16 at 3200 °F, 103 psf for 

330 s. 
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Figure 1 1 -(j). Post test photograph of specimen #IN25 at 3200 °F, 1 05 psf for 

3600 s. 


X - 2-49 





Figure 1 1 -(k). Post test photograph of specimen #1 8 at 3200 °F, 1 76 psf for 

330s. 
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Figure 1 1-(l). Post test photograph of specimen #14 at 3200 °F, 178 psf fc 

600s. 
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Figure 1 1-(m). Post test photograph of specimen #IN21 at 3200 °F, 293 psf for 

1200 s. 
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Figure 1 1-(n). Post test photograph of specimen #5 at 3200 °F, 320 psf for 

330s. 
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Figure 1 1-(o). Post test photograph of specimen #IN28 at 3225 °F, 312 psf for 

900 s. 
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Figure 1 1-(p). Post test photograph of specimen #IN19 at 3230 °F, 301 psf for 

3600 s. 
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Figure 1 1-(q). Post test photograph of specimen #IN14 at 3230 °F, 309 psf for 

223 s. 
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Figure 12-(a). Post test photograph of specimen #IN23 at 3250 °F, 313 psf for 

900 s. 
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Figure 12-(b). Post test photograph of specimen #IN12 at 3250 °F, 317 psf for 

330 s. 
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Figure 12-(c). Post test photograph of specimen #6 at 3250 °F, 320 psf for 127s. 
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Figure 12-(d). Post test photograph of specimen #7 at 3250 °F, 320 psf for 

187s. 
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Figure 12-(e). Post test photograph of specimen #15 at 3280 °F, 186 psf for 

67s. 
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Figure 12-(f). Post test photograph of specimen #AB14 at 3300 °F, 104 psf for 

105 s. 
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Figure 12-(h). Post test photograph of specimen #9 at 3300 °F, 1 05 psf for 63 s. 
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Figure 1 2-(i). Post test photograph of specimen #AB12 at 3300 °F, 1 07 psf for 

58 s. 
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Figure 1 2-(j). Post test photograph of specimen #AU01 at 3300 °F, 1 83 psf for 

158 s. 
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Figure 12-(k). Post test photograph of specimen #17 at 3300 °F, 187 psf for 

170s. 
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Figure 12-(l). Post test photograph of specimen #13 at 3300 °F, 188 psf for 45 s. 
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Figure 12-(m). Post test photograph of specimen #IN08 at 3300 °F, 325 psf for 

110 s. 
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Figure 12-(n). Post test photograph of specimen #IN18 at 3300 °F, 325 psf for 

330 s. 
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Figure 12-(o). Post test photograph of specimen #10 at 3300 °F, 353 psf for 

103s. 
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Figure 13-(a). Post test photograph of specimen #IN20 at 3320 °F, 338 psf for 

94 s. 
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1N20/390 

COATED ENKA/TEOS/TYPE A 
300 PSF, 3320 DEG. F 
RUN *1-349-00 
I MODEL IN HOLDER 






Figure 1 3-(b). Post test photograph of specimen #IN04 at 3340 °F, 337 psf for 

70 s. 
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Figure 13-(d). Post test photograph of specimen #AT15 at 3350 °F, 338 psf for 

87 s. 
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Figure 1 3-(e). Post test photograph of specimen #IN29 at 3350 °F, 325 psf for 

133 s. 
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TEMPERATURE (F) 



Figure 14-(a). Surface temperature response of specimen #AU05 superimposed 

with the CAMA-6 flight trajectory. 
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Figure 14-(b). Photograph of specimen #AU05 after the CAMA-6 simulation. 
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Figure 15-(a). Surface temperature response of specimen #AU08 superimposed 

with the CAMA-6 flight trajectory. 
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Figure 16-(a). Post test photograph of specimen #28 at 1440 °F, 75 psf for 

4500s. 
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Figure 16-(b). Post test photograph of specimen #27 at 1800 °F, 100 psf for 

525s. 
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Figure 16-(c). Post test photograph of specimen #25 at 1800 °F, 193 psf for 


600s. 

*> 
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Figure 1 6-(d). Post test photograph of specimen #26 at 2140 °F, 207 psf for 

500s. 
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IN34/383 

100 PSF, 2200 DEG. F 
RUN #362-DD 
UNCOATED ENKAflBDS 
MODEL IN HOLDER 


Figure 1 6-(e). Post test photograph of specimen #IN34 at 2200 °F, 1 05 psf for 

600 s. 
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Figure 1 6-(f). Post test photograph of specimen #24 at 2400 °F, 21 5 psf for 

300s. 
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Figure 16-(g). Post test photograph of specimen #32 at 2500 °F, 100 psf for 

400s. 
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Figure 16-(i). Post test photograph of specimen #23 at 2850 °F, 59 psf for 180 s. 
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Figure 1 6-(j). Post test photograph of specimen #29 at 2900 °F, 100 psf for 

200s. 
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Figure 16-(l). Post test photograph of specimen #IN30 at 3160 °F, 300 psf for 

153 s. 
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Figure 1 6-(m). Post test photograph of specimen #IN24 at 3330 °F, 31 2 psf for 

150 s. 
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Test Series 2 
APPENDIX A 


THEORY AND OPERATION OF THE 
LASER PYROMETER 


2-A-1 




The laser pyrometer by The Pyrometer Instrument Co., Inc. is a self-contained 
hand-held device which permits measurement of temperature from a remote 
position. This section will present the technique of using the laser pyrometer to 
measure the surface temperature of the coated RCC during the TAL Abort test 
program. 

An object will radiate electromagnetic energy when the temperature of the 
object rises above absolute zero. The distribution of the electromagnetic 
energy as a function of wavelength, the spectral distribution, depends on 
temperature and the surface characteristic of the object. At low temperature, the 
object radiates more energy at long wavelength in the form of infra-red 
radiation. As the temperature of the object increases, more energy will be 
radiated at shorter wavelength and may eventually become visible light. The 
spectral distribution of the electromagnetic energy at a fixed temperature is 
given by the Planck's distribution law. The surface characteristic of the object 
such as texture, or color can also affect the amount of energy radiated by the 
object. In order to quantify the effectiveness of a surface to radiate energy, the 
nature of the surface is represented by emissivity, e. The emissivity for a perfect 
radiator is unity while the emissivity for a perfect reflector is zero. When the 
object is in thermal equilibrium with its surroundings, it radiates and absorbs the 
same amount of energy i.e. the emissivity of an object is the same as its 
absorptivity. Since an opaque object either absorbs or reflects energy, 
therefore, the sum of the emissivity, e, and reflectivity, r, of an object must be 
equal to unity. 

In order to measure the temperature of a specimen, it is necessary to measure 
the energy radiates by the object and its emissivity. Since the intensity of the 
radiation decreases as the square of the distance, it is necessary to know the 
distance between the laser pyrometer and the test specimen. The laser 
pyrometer has a Linear Variable Distance Transducer attached to the ojective 
lens to measure the target distance. By measuring the radiation from 835 nm to 
895 nm with a 1/3° solid angle and assuming a Lambertian surface, the total 
hemispherical radiation is calculated. The reflectivity is obtained by sending a 
laser pulse to the target and monitoring the fraction of laser light being reflected. 
The emissivity can then be calculated by the expression e = 1 .0 - r. 



The laser pyrometer used in this test program operares at a temperature range 
from 1832 °F to 4532 °F with 1 °F resolution and 5 °F accuracy. The laser is a 
mutiheterostructure Gallium Aluminum Arsenide injection laser diode lasing at a 
wavelength of 865 nm. The laser pyrometer is capable of sending high level 
output of the temperature measurement to external instruments. Throughout 
this test program, the uncorrected temperature, i.e. assuming e = 1 .0, is 
recorded by the data acquisition system. Most of the measurements were taken 
using 10 ms data acquisition time to minimize the temperature transient effect 
when the hot spot occurs (the laser pyrometer cannot make measurement when 
there is rapid temperature fluctuation). 

The laser pyrometer had to view through a half inch thick quatz window and a 
gold surface mirror in order to reach the test specimen. A schematic of the 
optical layout can be found in figure 6. Several calibration runs were performed 
to establish a correlation of the laser pyrometer reading and the type C tungsten 
thermocouples of the calibration models. A emissivity of 0.68 and a viewing 
angle of 35 0 were used to compensate for the emittance loss, and losses due to 
the optics. After the emissivity correction was made, the corrected temperature 
was recorded and designated as ”L PYR X". 

Since the high level analog output is reconstructed from the digital 
measurements, therefore, the temperature versus time plots have the typical 
"sample and hold" feature of the digital measurements. In other words, the 
output will not be updated until a new good measurement is made. However, 
the complete temperature history of the specimen can be obtained by 
connecting the outer corners on the rising slope and connecting the inner 
corners on the falling slope as shown in figure 17. 
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Figure 1 7. A typical temperature versus time plot from the laser pyrometer. 
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OPERATING PARAMETERS 
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model # run # mass flow (Ib/s) z distance (in) current (A) Q-dot (btu/sqft s) mean temp (F) pressure (psf) run time (s) 
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model # run # mass flow (Ib/s) z distance (in) current (A) Q-dot (btu/sqft s) mean temp (F) pressure (psf) run time (s) 
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Test Series 2 
APPENDIX C 


POST TEST MEASUREMENTS AND 
TEMPERATURE VERSUS TIME PLOTS 


2-C-1 




1-151 -CO PRCCESS1N3 DmTE 12/15/5:? 

DOTE = 12,- '15/89 flv'ERftGE 1MTERMPL 0.1 SEC TICE = 17:42:4:8.0 TO 17:49:22.0 


L PYR X CHANNEL NO. 62 



0 50 100 150 200 £50 300 350 

TIME IN SECONDS 

F5X TflL ABORT TOFICOTON TESTS L fiRM 274/2 / R 500 BTU HrS 93MSR0E RC334 1 
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NASA/JSC RCC TAL ABORT VERIFICATION TEST DATA SHEET 

TEST ARTICLE NO: 274 - (21 RUN NO: TEST CONDITION: 3-aco F mtptf . 3 iosuc 



2-C-4 


POST-TEST RESULTS/COMMENTS: 




1-1G9-DD FR0CESS1N3 DATE 01/22/93 

DwTE = 1/22/93 fWERFGE 1WIERVRL 0.1 SEC Tlf-E = 22:22 : 8.0 TO 22:23:4-8.0 


L PYR X CHANNEL NO. 62 
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POST-TEST RESULTS/COMMENTS: 



1-186-DD PRCCES31N3 DATE 02/03/90 

DATE = 2/' 8/90 AVERAGE INTERVAL 0.1 SEC TII^E = 22: 3:37.0 TO 22: 9:10.0 


L PYR X CHANNEL NO. 62 



O 0 50 100 150 £00 £50 500 550 

TIME IN SECONDS 

FTP TAL PBjPT VERlFlQTnCN TSTS L.PRM CAL # 4 R ™ H? mm BT4 
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Pst&e s of TPJ TA'ZzIS 

NASA/JSC RCC TAL ABORT VERIFICATION TEST DATA SHEET 

TEST ARTICLE NO: 2 76(4) RUN NO: TEST CONDITION: *ioo i- Izc 
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DEG.F 

000 1500 2600 2560 3000 3500 4000 4500 


1-13700 

DhTE = 2/ 9/90 AVERAGE INTERVAL 


FEcCE'dS'lNj DATE 02/0y/94 
O.l SEC T1PE = 22:11:38.0 TO 22: 17: 8.0 


L PYR X CHANNEL NO. 62 
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NASA/JSC RCC TAL ABORT VERIFICATION TEST DATA SHEET 
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1-189-CD PROCESSING DATE <32/13/93 

CATE = 2/13/93 OvERAGE INTERVAL 0.1 SEC TINE = 18: 1:53.0 TO 18: 4: 1.0 



I IBinSBSftBO BSIftBCEDBI H 


ummmmmmM mt ma mmmm m i ■■■■■ 

tmmmz&mm® KBBB» 9 a«iB rbbbbbhbb i 


I MWMWMwmmmm biibbibbbb ihiikmc 9 semm s was see**m*mm i 
ISSSSSS^H BHIt3BlBBBIiBBBBI»l tt*SM2*SS&23l UffStHttMUl 


■ WHEWgggjgjgg BBIBV8BBB2 jjgg aaaaflBB ■ 

HMHM KlIKBKim BBBBB1BBBB I 

K csbmwrmb BBwg#**#i 1 






M < Q 

^ I — t: 

< Q 
■0 Q Z 

S £ 8 

t— p 




2-C-12 



1-193-CD PROCESSING DOTE 02/13/33 

DATE = 2/13/93 AVERAGE INTERVAL 0.1 SEC T1C€ = 21 :40:40.0 TO 21:44: 0.0 


L PYR X CHANNEL NO. 62 



TIME IN SECONDS 

ROC TflL ABORT VERIFICATION TSTS LFT ARM #279/7 & R 500 HR mm\ ROW 2 


2-C-13 



PAPS S' TPS VA-Si 

NASA/JSC RCC TAL ABORT VERIFICATION TEST DATA SHEET 

TEST ARTICLE NO: 7 . 79 ( 7 ) RUN NO:c ^ i ^ 1 >D TEST CONDITION: 33o^F , 



POST-TEST RESULTS/COMMENTS 
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P/\<?£ 3 ' <?& TPS >A 

T/eA 6 

NASA/JSC RCC TAL ABORT VERIFICATION TEST DATA SHEE1 

ICLE NO: g-flP C0) RUN NO: ‘ TEST CONDITION: 



2-C-1 6 




DEG .F 

500 1000 1500 2000 2500 3000 3500 4000 4500 


1-143-CO FR0CESS1N3 CflTE 12/03/89 

DQTE = 12/ 8/89 flVERPGE INTERVPL 1.0 SEC TIME = 21 : 10:38.0 10 21:11:44.2 


L PYR X CHPNNEL NO. 62 
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POST-TEST RESULTS/COMMENTS: 




NASA/JSC RCC TAL ABORT VERIFICATION TEST DATA SHEET 

TEST ARTICLE NO: L°() RUN NO: TEST CONDITION: 
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POST-TEST RESULTS/COMMENTS: 





2-C-20 





2-C-21 




500 1000 1500 2000 2500 3000 3500 4000 4500 


1-156-DD PROCESSING COTE 12/19/89 

DATE = 12/19/89 WERPCE INTERVAL 0.1 SEC TIPE = 18:48:22.0 TO 18:49:51.0 


L PYR X CHANNEL NO. 62 
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2-C-23 




1-1S3-C0 PROCESSING CATE 12/18/89 

DATE = 12/18/89 AVERAGE INTERVAL 0.1 SEC TlfE = 19:14:13.0 TO 19:24:17.0 


L PYR X CHRNNEL NO. 62 



TIME IN SECONDS 

ROC TPL PBORT VERIFICATION TESTS L ARM 281/14 / R 500 BUJ FR3 9352R01 RCD4 1 
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1-162-CD 

DOTE = 1/11/93 AVERAGE 


INTERVfiL 


PROCESSING DATE 01/12/93 
0.1 SEC TlhE = 21: 7:46.0 TO 21: 8:55.0 


L PYR X CHANNEL NO. 62 



TIME IN SECONDS 

RX TPL FBORT VERIFICATION TESTS LFT PRM MOD 285/15 & RT 590 BUJ hRS K01 RX4 3 
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NASA/JSC RCC TAL ABORT VERIFICATION TEST DATA SHEET 

TEST ARTICLE NO: (is) RUN NO: TEST CONDITION: 
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1-155-CD 

CfiTE = 12/19/89 PWERftGE 1NTERVRL 0.1 SEC 


PROCESSING DOTE 12/19/8 9 
16:41:17.0 TO 16:44:26.0 


L PYR X CHRNNEL NO. 62 
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ROC TPL PBGRT VERlFlCfiTlCN TESTS L PRM 287/17 / R 500 BTU 8353R01 m 
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POST-TEST RESULTS/COMMENTS: 




1-168-CD 

DATE = 1/19/90 AVERAGE INTERVAL 0.1 


FR0CESSIN3 DATE 01/22/93 
Tir€ = 22:52:22.0 TO 22:59: 2.0 


L PYR X CHRNNEL NO. 62 



iHiiB Mm ■*» i<mi««iih iiKiiuni mmiftiiKKii 

Mill imitiiiiMMIliWlIIIIBIIBHWIilMHIIliMil 


miiKiiniioiiaii 



■■■■■■■■■■■■■■■■■■■■miiiiitiiii ■■■■■■■ 

■HriHiiBiiniiuii ■■■«*«■■■■ iimii iH liiiiMHiHiiiiitii hhih MB i 

■MU ■■■■■■ ■■■*■■■■■■■*■*■**■■■ ■■■■■>■■■■ KI1IIIHIII RIIIBI 1 1 Ifl RBBBII1BBII 
um rhiii tBHHHifl mmmmum ■■■■■■■ mmmmmmm mmmmmmmmmm mwumu mwmm* 


hv« BBiBiR mmmmummmmu ■■■*»«■■■ mmwmwmwwmm ■■■■■■■■■■■■■■*■■■■■ ■■■■■«*■■■*■ 

BIBIBBBBIRlKIBIIIBIIBBIBflBIBfllBBBRBIBlIlBIBIlIBHBBBIlBBBBlBBBBBlBIIBIBll 
BBlIiBIBBBBBBIHRBRIBBRIIBHBIIHBBIflBBBflRBBBIIflBlIRIRIBBBRlBRBBBBBBilBflflXi 
■1(1 IIISIII lUyRIBIBII RIIIIIBIH ■■■■■■■■■■ ■■■■■■■■■■■■■■■«■■«■ ■■■HHtfHUl 
BBiaflRIBBRRRBBBBBBIl ■■■■■■■■■■ ■■■>■■■■■■ ■■■■■■■!■■■■■■■■««■■ ■■■■■■■(■■■■MMBBBB 
MgjMMMg mummmnmmm m ■■■■■■•■■■ ■■■■■»■»■■■■■■■»■■■■ iriribbb.hihbbi«ixb 

mmmmuummmm hhhmm m9mmm*ummummmmmmwmmm 

iBBBRBBBRHBBlBBBHIBiBiBiKillRBIRIliRlBBKflftffRSRBBBHfVi 

BBHBM^^Mbrbbbbbkbbb ■■■■■■■»■■ ■■■■■■■■■■■■■■■■■■■■ ■ ■ ■■■ ■ ■■ ■^mmmM^^M 

B1 UIK1IBB RIHIIHII ■■■■■■■■«■ ■■■«■■■■■■ ■■■■■»■■■■■■■■■■■■■ ilBMlMMB i|lIl«M 

■« mmummmmw uHRmniHiRiiRn hhhxbh bbbbhiihbivshbbib ■■■«■■■■■■ .imbBBBBBB 


m.Mmmmmmmm xmsiibiikiiihiibiib Mmmmmwmmmm ■■■■■■■■■■! 

■i tmmmm mMmu ■■■■■■■■■■■■■■■■■■■■ ihiiih| 

n ■■■■■■■■■ ■«■■■■■■■■■«■■■■■■■■ bmbmMMBBBBBBMBMBMMBMMM^^^^^^^^^^^^^M 

I AIIIBIBII HnilMHIHIBiniH BB«B»HKI ■■■■■■■■«■ ■!■■■■■■■■ ■■■■■»■*■■ ■■■k.'BBSBI 

ibhhrhi ■■■■■■■■■■■«■■■■■■■■ KmnaMMWMBHHHBMBBBBM 

IHKClIllRIiRIIlKIKIKllliKlIVB *»»*■■■■ 




N 
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POST-TEST RESULTS/COMMENTS: 







1-146-DD PK0CESSIN3 DATE 12/13/89 

DATE = 12/13/89 PEERAGE 1N1ERVPL 0.1 SEC Tll-E = 17: 3: 8.0 TO 17: 4: 2.0 


L PYR X CHANNEL NO. 62 



TIME IN SECONDS 

ROC TAL ABORT VERIFICATION TESTS L ARM 171/PB-12 7 R 500 B1U H3S 9347R01 RCD4^ 1 
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NASA/JSC RCC TAL ABORT VERIFICATION TEST DATA SHEET 

TEST ARTICLE NO: ni/AB-iZ RUN NO: TEST CONDITION: 33a o r- 



2-C-35 




1 -148-00 

DATE = 12/14/89 AVERAGE INTERVAL 0.1 


PROCESSING DATE 12/14/89 
TItE: = 17:20: 5.0 TO 17:25:41.0 


L PYR X CHANNEL NO. 62 



Sigm i«i»m«««»M i»wiiWMigiHiggggHW |Mwiw«i 



Ilf ■ lllililll MijilIMKKI KiHilill U l llf ■ ■»»» ■ggg*****2 

S»S£«SSKSiUi»«KHiSEH»Ks>i5iiuHHi«H«»uHSS£SSS59HHaiiiilllllll 



SmhShM RllllilltlllllllHIl Blllllilll ■ 



mmmmmuummm mmmmm»Mmuu iiiiiiiiii 
•■hhiiiiiiiiiiiiii umiissi Ksmiiiii ihiisiiii hmhurh ■»■■»«■»»■■»■«■ «»«■■! 

haaaaaaaaaaaaaaaaaaaaaaauaaaaaaaaasaasaad 

iiiHKiui mmmmummmmu ■«■«■■*■■■ ■««■■■■■■■ 

S£ES 5i5£55iS Sia a a aaaaaa^^^^^^^BEH- ■ ■■ 

laaaaaaaaaaaaaasaaaaaaaasaasaaaaaaauasasaya 
™laS5aKggaasamssHSEEKaKKKgg^gggHg=g==""g—ggg^ 
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NASA/JSC RCC TAL ABORT VERIFICATION TEST DATA SHEET 

TEST ARTICLE NO: I73/A&~l3 RUN NO: TEST CONDITION: F jPo 
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POST-TEST RESULTS/COMMENTS: 




1-193-DD PROCESS 1N3 COTE 02/14/90 

CfiTE = 2/14/90 PVERQ3E INTERVAL 0.1 SEC TIME = 18:29:26.0 TO 18:31:11.0 


CHRNNEL NO. 62 






Sg5S«£nS"PKSS22SS52KSSSS5S3S3SS5SSS5S55K35iS55SHSKSimSii.™a 

bsosssK»SMse^isKs^ss»sss:55Sss|sw||SiK^SSiSlHH 

s»s?f:"is:2:5552ss::::::::::s:sj5;3ssgs?s2:i3 

■UHIIHI HMW«M«MMi i|iM iWi»;;S ““"J 

SS5S hbSSh B5BX35S* S3S35 53~St »hi»hui B»n»«3i hbbhivh ■ 


■QBBBBIBBB RU11IBB1I RittR RMS* HCHHCll BBS »»*»«* B BVlli 



riiiiiiiHnHiiniBiRiitiuiiHiissMifiiii Rflfffffftmfi rubsmwhb^ 
nSESHMI HMttSwXH MHI WMM IHHHiKBHSIBaMMBBIHBHHHIl H 
*» sn35S53S BwwBSm mmmmnwmmmm b ssa b »n »» n g ragagg sraHi sbiiiibbii 

BSSSSKSBSSSSSKBSSSSSSSS^MitiSSgSSSSSSSiSS^^SSSBK^^^I 

boss ar cans si ushsvmxkdi smmmmm kmmbmm iiuui|U|j 

s^asssia&ttjsa gasnssiuss vm 2EiHiaa5**aHHfflH«o 

ssglgKsaBa»aaBy"PsggT>sggBMgHaaBBfflgagaggg»ggg«gggggggglggggg«lg»gllli»g;; 


egBKssttaaESaSftftSiSauaSslMaugmaSiHHiKuaMKaaaanBmanHHnManBnmunl 

iisSBIBBSKSSSSBBSSKKKSSSBSi^SB^SSgiKKKSKSKSKKSKKK^^Sl 

bB5»w55MS55SaS2gSg5BKSS5KSSSg“SiSKSiSiig*gHMMg5gSBSM5KBBK5B^MaJ 

553aSaa35iB**Baa»f3oa®a*«aaaaa«#BPS*a»sffmp^a»asBB«BK*a*BaM««w«»«a«a»a*«awMw;i 

Ba3*3nS5«SS5533caaa«E0«BBSffifflttBnaaascflttiEZBmi£3afiaE:««»Ba*a*»aaaa»*»aaM»ai|[«aa»»«««| 

iiiIiussS5gS3SS£iigi^SgSi31iS13^^1131^lliiIi35S35SS3SKS5KS3KKK3ffi:;K 

ilirgligSSSSSigSiiggSgiggigiSggigiSi»»^EgggSS55EES5:gSB:555SEgSggS5|S|5|5|SS 



■2MI si iaRSBia2SHSBRisiR&3 B3R»««HB?na numwummmmm iibiiiiiii 

^Hu illlliBlIRBiHIIIlSS ’S'Sl'Znm SESSRiaSllHHjHyyH| 


IIIKHBS & 


mm ■■■■■■■■■■ niBiiiBii l 


■■nmSSiSmnSSS5SiSaieii£iB!ssi^»&3saBSB3B«ii|nBnKmnHHHnnHmHmn 
mhmhmm ■■■■■■■■■■ hwh iim BgaaBiiaaMMgBm<nMgaaMWMMM»MMa 


SBBBBSBBBBBBBSBBBSBBBBKBKBBBBBBBRKRRHSHHBfl 

IU««UIRB MMBfflafSES K3»?s .^5£K2 K5SS»SM«* ■SBBgUUUaUftMfUil 

■•■■■■■■■a ihhhim mHHHi oransiKn ays a«»astM h«xb|»iii h r ^HSHS99 
mi iigiixiixi ■bwkbsbsiss® sM-ssia ss^fratiMaB agHa iMBg wE— a— ***IHiSH! 5555S25SSSI 

|ggsKKSS5S5S£SESSESmwaaB raam«*»» ««a»M«ajMMMMlMBM«Mliillliil 
hbSShh HiBBBHBI H*assnn 
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* 


1-149-DD PROCESSING DPfTE 12/14/89 

DOTE = 12/14/89 flWERPGE 1NTERVRL 0.1 SEC Tir€ = 18:28:23.0 TO 18:33:57.0 


L PYR X CHANNEL NO. 62 



TIME IN SECONDS 

RX TFL fflCRT WlFICfdlQN TESTS L ARM 177/PB-15 / R 930 B1U HB RX4 1 

/. ^ 
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NASA/JSC RCC TAL ABORT VERIFICATION TEST DATA SHEET 

TEST ARTICLE NO: in/AB-l# RUN NO: TEST CONDITION: uoo E UU2 oci. 3}osc'. 



2-C-41 




1 -15C-D0 

DATE = 12/15/89 AVERAGE INTERVAL 


PROCESSING DATE 12/15/89 
0.1 SEC Tirc = 16:31:25.0 TO 16:36:59.0 


L PYR X CHANNEL NO. 62 


i !5!5S5«m» 


mUHIHIH 


I ■ jMMM gi ggggf ggj gg g*"SS»£SS 




TIME IN SECONDS 

ROC TPL ABORT VER1F1CPT10N TESTS L ARM. 1 79/4£/£ / R 500 BTU HRS 9SMSR01 RCD4 




ft- 

a 






£ 


* 

o 

*0 



1 n CO 
“ UJ 


O 

o 

LL. 

a: 

LU 

> 

H 

a: 

o 

CQ 

< 

_l 

< 

H 

O 

O 

DC 

O 

co 

CO 

< 

z: 


CO 

Q 


nPM 


LU 


CO 

O 

CL 


\ 

:i! 


N. 

N 

V- 


- V, 




tl'k) 

>•::••,•’••• 

; N : x 


.' ;V 

>' /•>,; :S! 


i 1 . '•••': 


LU 

a: 


CO 

o 

u_ 

UJ 

CC 

H 

.3 

O 


m 


ift 






ik!: T 

•S33 1 


k ^ 

• ; v 

: : ’.V 


.: ; :; : >::-:S *'> 
•<:■: :*V'-r 

. "• 

t: f ; ; i\ 


V-/ & 
1 •••..• 

X v '"*i *‘*;V *; 



m 

r M 

•V/.’i 


: :; ^s 

CV 

ffj 


IN 

•'•.'IN 

•r% 


:fNl 


1 

■Sn 






?Ss 

.'••• -vJ 


• -\ <r . : ., : - . 


i.:K 

.' ; Ns 

. .*V4 


* X* 


,4J 



2-C-43 


POST-TEST RESULTS/COMMENTS: 




1-1S7-CD FRCCESS1N3 DATE 02/28/90 

DATE = 2/28/93 AVERAGE INTERVAL 0.1 SEC TIME = 18:29:21.0 TO 18:32: 2.0 


L PYR X CHANNEL NO. 62 




■ ■■* 5 S b SS 5 bbBbbbbK *SEE«» 5 ■!£■ b bctbbbb b* ^^h shsh ^ggSKS SSil *£SS»£5sSa I 



hkxiiiui ii miiiiM KmaHimi 9^*&aanmm rid mmmmmm iiiiihish 3Ka»stfa**a 
■lllllixi liHHHH EgjgBjHiM BE R illSIRHI RHK! (1HKII RXBIlllUia 



B Bfl 1 1 *SB E* a ■ BBi igM glglBiaBHHmB 

iBffPa ca iiia 

Enaaman 

IB®* BM BSB SM 5 CSS & S 


mmmmmummmm hhiibhi riiihiirr RS«^p» gmiiMKiB iifiHisKH bbbbbbbbbb ■*««»*««* I 

■■filllll BKipii^ap^ mil ililBIlBBlllH liHliBIIIRIIIBIlBII BBBBBBBBBB BBHBE ESaBSE 91 A 

■bibbbii m*»"mm»mmuummmmmmumummmmmwstMm aiH»KB9issiXBHii bbbbbbbbbb gggiwiggg| 
■iviBRic ~-nm mmmmmm iibubbbbb bbbbbbbbbb BBSiiBBiaa na&iBBBBBB ®********* mmammmmmmmM 


IBBBfl BBiSCBlBBB RjRBBBB &8ffB9BB8i«BBilHBXBB B1BIBIHBR 


mm m»mm bbbbbbbbbb bbbbbbbbbb b«® b w ssss ma bss^bsbbmb bbbbbbbbbb bbbbbbbbbb wmmmmammmmm 

BBBBB«BBB BBBBBBBBBB BBBBBBBBBB B*«££HH!B& 2 ffl 53 BB 8 amM*BMEHB«M»BBBBBBBBBBBBBBBaBBB| 
BWBBBBBBBfl BBBBBBBBBB BBBBBBBBBSBB^BSBB^B 35 SBBBBBBBBBBB£ 6 B^BSB BBBBBBBBBB BSBBBBBBBBl 
BBBB«JURHBBBBBBBBBBBBBBWBaWBBBBiffiy^BBBBBBBBBWBBBB*BBBBBSBBHBBBBHBBBaBBBBBBBBMV 

BBirilBBfll BBBBBBBBBB BBBBBBBBBB BBBBBBBBBB BBBBBBBBBB BBBBBBBBBB BBBBBBBBBB BBBBBBBBBB B 
BBBBBBBBBB BBBBBBBBBB BBBBBBBBBB BBBBBBBBBB BBEBBBB 1 RBB BBBBBBBBBB BBBBBBBBBB BBBBgflagggg g 
BBBB— — BBBBBBBBBB BBBBBBBBBB BBBBBBBBBB BBBBBBBBBB BBB*BSBMBBBBBBBBBBMBMBBBHtttt| 
^■^^^^^^^■BBBBBBnBIBBRBBBBlIBBmfll 


MMHHb BBBBBBBBBB BBBBBBBBBB fi 
I BBBBBBBBBB BBBBBBBBBB BBSS B B * JZ3U2 2 


I BBBBBB B BBBBBBBBBB BBBB BBB B BB BBBBBB BBBB B 
MIBBBB BBBBBBBBBB 


BBaBBBBBBBBBBBBBBBSSBB^BaBB55Ba^^5B BBBBiBBB^^BMBB55B5aaS5B^^BM| 

bHBBMHHMIiHHHHHIIIIHIIIIVB BBBBBBBBBB BBBBBBBBBB BBBBSBBBB58 fc 

BBBBBSfflBBB BBBBBBBBBB BBBBBBBBBB 
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NASA/JSC RCC TAL ABORT VERIFICATION TEST DATA SHEET 

TEST ARTICLE NO: HZ/ A 0 01 RUN NO: • TEST CONDITION:^*. f . 



ORIGINAL PAGE IS 

OF POOR QUALITY 


POST-TEST RESULTS/COMMENTS 













1-347-DD PROCESSING DfiTE 10/05/33 

COTE = 10/ 5/90 PMERQGE INTERvPL 0.1 SEC TINE = 0:34:18.0 TO 0:35:38.0 


L PYR X CHRNNEL NO. 55 



TIME IN SECONDS 

ROC-EWI TPL flBCKT TESTS L.- PHI fUfi/180 SIHlflOCNRlN F 8E7SR01 RCW 2 


«,*V 


2-C-46 


1-347-CD 

DATE = 10/ 5/90 AVERAGE INTERVAL 


0. 1 SEC TIME = 


PROCESSING CATE 10/06/93 
0:35:38.0 TO 0:36:54.0 


L PYR X CHANNEL NO. 55 



RCC-BKH TFL fBCRT TESTS L. -FRM fU06/180 SIMJJTTICN RUN F wm ROT 2 
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* 




J3&Z, 2 
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POST-TEST RESULTS/COMMENTS: 



1 -343-DO PROCESSING COTE 10/09/90 

DATE = 10/9/90 AVERAGE 1NTERVPL 0.1 SEC Tll^E = 5:55: 1.0 TO 5:56:26.0 


L PYR X CHANNEL NO. 55 




I Ktmiiin i hbm i hh 

wMmmmMmm mm ■■■■■■■■■■ muuuu mmnm m oihim^H 
mmmmmmmmmu Rnunsm nmnni Rimn 



iiiiKiiiiiiiniiiiiiiiiiij 

EtiiiiHiHiiiiiiiaiiiiii 
PlKVIiHIIIVIIllllllllllll 


ikvhhiii U9mmmw***m ■ 

I MMl lllil HUffHMM I 
iBiuuiii mummmmmmmm i 



miHUKi 
IIIMIMKXfl jg p gm gjgi i 
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NASA/JSC RCC TAL ABORT VERIFICATION TEST DATA SHEET 



2-C-50 


POST-TEST RESULTS/COMMENTS 
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POST-TEST RESULTS/COMMENTS 
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2-C-53 




1-351 -DO PROCESSING DOTE 10/11/93 

COTE = 10/11/93 flVERPGE INTERVAL 0.1 SEC Tir€ = 0:2U: 3.0 TO 0:25:32.0 


L PYR X CHRNNEL NO. 55 



9 20 H0 60 80 100 120 140 


TIME IN SECONDS 

ROC-WTEX TflL RBCRT TESTS L.PRM RT15/183 3320 DEG.F @ 300 FSF 0284R01 RX4 2 
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2-C-55 


POST-TEST RESULTS/COMMENTS 
















] 




X 


I — 
LU 
LU 



< Q 
- 

< 9 


Q 8 

H o 
CO H- 

MJ CO 
“ LU 

H i- 




co 

i5^ 

i-t 

o » -3 

y g,^ 
{2^- 
JX ^ 

UJ ^ ^ 

cr ^ \ 

WCi ^ 

h- ^ 

O ^ 


2-C-56 



^1^0/10/93 flVERPGE INTERVAL 0.1 SEC Tire = 1 l^J 0 ^.® 0710793 


L PYR X CHANNEL NO. 55 




mm ********** *??***”** _ ____ _ ■»**■■■■■■ I 


IHUWHUa 


K^iiimn 


IIICUIII 


mi 


liiiiMroj:«iimHtt«iMi 


mwmmwim mmi 




IXHIli 


II III III I III HI || 


iihki 


imm iiiiiiiin 


l illlllW IIII 


mi 


mMimxiM imj B n Mi 


mi 


TIME IN SECONDS 

R0C-f¥IEX TRL ABORT TESTS LflRM Ih^395 3320 DEG.F • 300 PSF 02S3R02 RCD4- 2 
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^ 3 / 7/90 

* NASA/JSC RCC TAL ABORT VERIFICATION TEST DATA SHEET 

TEST ARTICLE NO: RUN NO: TEST CONDITION: 




2-C-58 



1-354-CD 

DATE = 10/15/93 AVERAGE INTERVAL 0 . 1 


PROCESSING CATE 10/15/93 
TINE = 21: 2:55.0 TO 21:18: 1.0 


L PYR X CHANNEL NO. 55 



i iimmii ■MBiHi 
i mmummmmmmm nMHnwa 
i oihhiii imixin 



I1IIIRXIU HW illiil ■! 
IHIIKIKH IIUIIIIII ■■■■■■■■■■ ■■■■■■■* H U 


Kiiiuifii uummummmum khshhu 



■ in III II ■ II ■ II i ■ 

K ■■ ■ m riK \w. m -!«. m? ^ ~ ES i S- ^ ok ** .V ** «r " * «* 

ItX^Ar.'ML^MMMinVIllHiaKIlIIIIUli 
KiiMMiiiiiifiivviiiiiiiiiiiiiiiiviiiiiiiHii^HHi 
■iuniufl miifliiii iiiniiiii iiiiniui iini wg»i hi 

lllllllflllllllllll HIIMBIKI ■■■■■■■■■■ ■HiKHMi I 
■■■iiiiii uiu uiiuiuiiiin 

^^^^^hiiiiiii mmmmmmmmmm ■■■■■■■■■■ ■■■■■■■■■■■ 

■■uiiUinuuiiiuiiiiiiiiiiiuiuiui^^^^M 



lUfllllllHIIIIIXVIllllltllllHIlfflllllllllKIIIII HHi 

uimui minim bmhhbh mmiimmmm ■■■■ 
imimniinmi immm ■imimmii mm mmm\ 

UUUMHMHBBMB ■»»■■«*■■■■■ HMMKUBBBUBMmU 


■immmmmmmimmmmimmmm 
iimimmmmmiimiimmmmmimui 
■H-nBBHBnnnHH iiHHiimiiiiiiiiimiiuiu i 
uiiiiimnmiiiimiiimiimiimimiun^H 



!^^^^^H(«iimiiimmmmmmmmiR 

immmmmmmmmmimmmmim^u 
luiiiiua ■■■■■■■■■■ ■■■■■■■■■■ miiiuii mm 
■hhhbhp ■■■*■**«■■ iiiiiiiiiiiiiiiiiiniminmi 



■»«■■■■■■■ IIHHim H 
imim mm miimmmii 




2-C-59 



o 

h- 

< 

o 

rfgSvLL 

C 

LU 

> 

I — 
DC 

o 

CD 

< 



O 

o 

DC 


O 
C D 

“3 

< 

CD 

< 




ii^i 

gfeSii 


g Rl $ 

H- ^ * V 
CO < * 

g^$5, 


2-C-60 



DEG.F 

500 1000 1500 2000 2500 3000 3500 4000 4500 


1-34S-CD PROCESSING COTE 10/04/90 

COTE = 10/4/93 OVERAGE INTERVAL 0.1 SEC TINE = 0:23:39.0 TO 0:24:52.0 


L PYR X CHANNEL NO. 55 



TIME IN SECONDS 

ROC-BKfi TfiL ABORT TESTS L. fiRM \mm 3350 DEGF « 300 PSP 0277R01 RCD4 2 
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//t-fcrtr c.v <0 ( / ^ 4 

ij|) 3 / 7/90 

~ NASA/JSC RCC TAL ABORT VERIFICATION TEST DATA SHEET 

TEST ARTICLE NO: XMAjM . 4 RUN NO: TEST CONDITION: 
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POST-TEST RESULTS/COMMENTS: /??<tc/£C Svk/c#c£ tS 

CbAT^D EtiXA /TE'CS/TyPizA £ O j T 

Ac /Jo No T 1?$ JQll- u;t/ 



1-317 -CD PROCESSING DOTE 09/07/93 

DATE = 9/ 7/93 AVERAGE INTERVAL 0.1 SEC TIME = 5:27:34.0 TO 5:28:48.0 


L PYR X CHANNEL NO. 55 



ROC-B'sKn TPL RBjRT TESTS L. GRM IN3S 3350 DEG F @ 100PSF 0253362 2 
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1-341 -CD 

COTE = 9/28/93 flNERRGE IITTEKvPL 


0.1 SEC Tir€ = 


PROCESSING DOTE 09/28/90 
3:31.0 TO 4: 5:21.0 


L PYR X CHPNNEL NO. 55 
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POST-TEST RESULTS/COMMENTS: 
coated ctfKA/rzez/n’PE'A 
}\Ip' 0 ftef /.£ff/RL£ 



1-343-DD 

COTE = 10/ 2/90 AVERAGE INTERVAL 


PROCESSING DATE 10/02/90 
0.1 SEC TIPE = 0:148:33.0 TO 0:52:18.0 


L PYR X CHANNEL NO. 55 
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POST-TEST RESULTS/COMMENTS: 
CDftT^P &)M(1EQS fryfEA 




DEG.F 

500 1000 1500 2000 2500 3000 3500 4000 4500 


1-344 -CD PROCESSING DATE 1 0/02/90 

DATE = 10/ 2/90 AVERAGE INTERVAL 0.1 SEC TirE = 23:38:35.0 TO 23:44: 8.0 


L PYR X CHANNEL NO. 55 



TIME IN SECONDS 


KOC-EMfi TFL ABORT TESTS L. ARM IN18/389 3350 DEG F.« 300PSF ,0275K01 RCD4 2 
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DEG .F 

500 1000 1500 2000 ' 2500 3000 3500 4000 4500 


1-349-CD PROCESSING DfiTE 10/10/90 

DOTE = 10/10/90 PEERAGE INTERVAL 0.1 SEC TlhE = 0: 7:23.0 TO 0: 8:58.0 


L PYR X CHANNEL NO. 55 
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Si «;> 6/T/90 

" NASA/JSC RCC TAL ABORT VERIFICATION TEST DATA SHEET 

TEST ARTICLE NO: X/V Z-0/.79O RUN NO: TEST CONDITION: 
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1-337-CO FROCESSINS CATE 09/27/93 

DATE = 9/27/93 AVERAGE INTERVAL 0.1 SEC TI!“E = 0:29:38.0 TO 0:49:40.0 


L PYR X CHANNEL NO. 55 
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POST-TEST RESULTS/COMMENTS: 
C04-T&D 0A/KA /ficVs/rVPZ'A 

jVcp's NoT eif 




1 -338-DO PROCESSING DfllE 09/27/93 

DfiTE = 9/27/93 OvERPCE IWTERVPL 0.5 SEC TINE = 3:12:5.0 TO 3:17:39.2 


L PYR X CHANNEL NO. 55 



TIME IN SECONDS 


ROC-ENKR TflL ABORT TESTS L. ARM 1NE2/SE 3200 DEG F « 300 PSF 0270R02 RD4 2 
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POST-TEST RESULTS/COMMENTS: 
CQATero &a)k A/ reds/TYfiFA 

ft/e'S A/cf /£&i612 



1-318-CO PR0CESSIN3 COTE 09/11/90 

COTE = 9/11/93 flVERRGE INTETAflPL 0.1 SEC TIf“E = 3:31:51.0 TO 3:44:10.0 


L Kyk X ChiHNNtL NO. bb 



TIME IN SECONDS 


K0C-EN<n TPL PBGRT TEST RUN L. PRM IN05/373 3300 DEG F @ 100 PSF 0252R01 RCD4 2 
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,‘H 8/7/W 

NASA/JSC RCC TAL ABORT VERIFICATION TEST DATA SHEET 
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POST-TEST RESULTS/COMMENTS: 

dO/hT£P gtfKb/TtZOS 
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POST-TEST RESULTS/COMMENTS: 
Cofinro £AJI<A/ravs- 




1-322 -CD 

DfiTE = 9/13/93 PMERPCE INTERvPL 


PROCESSING DfiTE 09 / 13/93 
0.1 SEC TIf€ = 0:15:51.0 TO 0:17:59.0 
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2-C-84 


POST-TEST RESULTS/COMMENTS: 
CO^TBO &fi)K/\/T£o$ 



1-326-CO PROCESSING DOTE 09/18/90 

DfilE = 9/18/93 RfVERPCE INTERVPL 0.1 SEC TINE = 0:47:42.0 TO 1:2:45.0 


L PYR X CHRNNEL NO. 55 
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POST-TEST RESULTS/COMMENTS: 



1-327-CD 

COTE = 9/18/93 PWEROGE INTERVFL 0. 1 SEC TlhE 


FRCCESSIN3 DOTE 09/18/90 
3:24: 4.0 TO 3:32:14.0 


L PYR X CHANNEL NO. 55 



TIME IN SECONDS 

xste in feoRT test run l. m mwn m deg f m FcF mm m 
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1-328-CD PROCESSING COTE 09/12/93 

COTE = 9/19/93 RNEFOGE INTERVPL 0.1 SEC Tift = 0:11:18.0 TO 0:26: 2.0 


L PYR X CHANNEL NO. 55 
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1-329-CD 

DATE = 9/19/90 AVERAGE INTERVAL 


PROCESSING CATE 09/19/93 
0.1 SEC Tire = 2:37:13.0 TO 2:52:18.0 


L PYR X CHANNEL NO. 55 



0 200 400 600 800 1000 1200 1400 

TIME IN SECONDS 

R0C-EN<n TAL ABORT TEST RLN L. ARM IN19/377 3800 DEG F 300 PSF eG62R0E RCD4 
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1-330-CD PROCESSING CATE 09/19/93 

DATE = 9/19/93 AVERAGE INTERVAL 0.1 SEC TINE = 4: 8:34.0 TO 4: 7: 3.0 


L PYR X CHANNEL NO. 55 
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Test Series 3 
Conducted from 

January 30, 1992 to March 5, 1992 



1.0 SUMMARY 


An arc jet test of non-sealed Reinforced Carbon-Carbon (RCC) was performed in the 
Johnson Space Center's (JSC) Atmospheric Reentry Material & Structures Evaluation 
Facility (ARMSEF) from 1/30/1992 through 3/05/1992. The test was needed to expand 
the current data base for quantifying coated and uncoated non-sealed RCC surface 
recession as a function of temperature and pressure in environment regimes 
representative of a Transatlantic Abort Landing (TAL) trajectory. Eight test specimens 
(6 coated and 2 uncoated) were subjected to temperatures ranging from 1477°C 
(2690°F) to 1893°C (3440°F) and pressures ranging from 14.988 KPa (313 psf) to 
19.154 KPa (400 psf). For the coated specimens, silicon carbide coating failure 
occurred at a temperature as low as 1824°C (331 5°F), which is approximately 10°C 
(50°F) higher than RCC with sealants. Test data were transferred to the test requester 
for surface recession rate determination. 


2.0 INTRODUCTION 

In the early part of 1987, a concern was expressed that the Oit>iter*s wing leading edge 
temperatures predicted for a Transatlantic Abort Landing (TAL) would exceed the 
upper temperature range of the RCC ground test data base. A series of three test 
programs were performed in December 1987 (ref. 1), November 1989 (ref. 2), and 
August 1990 (ref. 2) to extend the ground test data base for RCC up to 1871°C 
(3400°F). Data from these tests helped establish mass loss correlations for the silicon 
carbide coating and the carbon substrate. During the development of these 
correlations, it became apparent that the surface sealants (Tetraethyl Orthosilicate 
(TEOS) and Type A enhancement) may play a significant role in the performance of 
RCC in this temperature range. Rockwell Test Request number SE-PSE-91-031 was 
developed to investigate the role of surface sealants in RCC performance through the 
testing of unsealed test specimens. 


3.0 OBJECTIVE 

The objective of the Non-sealed RCC Test Program is to develop a data base for 
assessing the influence of TEOS and Type A enhancement surface sealants on 
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surface heating and chemistry and to empirically determine the surface recession rate 
of non-sealed RCC at the predicted TAL temperature and pressure levels. 


4.0 T E ST S PE CIM E NS 

A total of 8 test specimens (6 coated and 2 uncoated) and one calibration specimen of 
each type were fabricated by LTV Aerospace and Defense Company for this test 
program. AN ten specimens are 7.1 1 cm (2.8") in diameter and have a 19-ply thickness 
of ENKA based RCC. 

The calibration specimens have three type C (tungsten - 5% rhenium vs. tungsten - 
26% rhenium) thermocouples installed as shown in Figure 1. TCI and TC3 sense front 
surface temperatures and TC2 senses the back surface temperature. Although there 
was a conduction heat loss through the thermocouple lead wires, thermal analysis from 
previous RCC test programs indicated that the actual surface temperature should not 
be more than 8.3°C (15°F) higher than the measured values. 

The coated specimens have the outer surface layers converted to silicon carbide in a 
diffusion coating process for oxidation protection. Except for the absence of TEOS and 
Type A sealants, these specimens are representative of RCC in the stagnation region 
of Orbiter panel #9. The uncoated specimens were used to evaluate substrate erosion 
that would occur following silicon carbide coating failure at high temperatures. 

All specimens have four slots on the edge at 90° apart to accept the pins which hold 
the specimens in the siliconized graphite holders (see Figure 2). The pre-test 
photographs of a holder and the test specimens are shown in Figures A-1 through A-9 
in Appendix A. 


5.0 TEST FACILITY 

The test program was performed in test position #1 (TP1) of the ARMSEF. Test gases 
(23% O 2 and 77 % N 2 by mass) are heated by a segmented, constricted arc heater 
and injected in a vacuum chamber through a water-cooled 12.7 cm (5") diameter 
conical nozzle that has a 15° half angle. During testing, the chamber static pressure 
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was kept below 40 Pa (0.3 millimeter of mercury). Desired test pressure were 
generated by the impact pressure of the hypervelocity flow field as determined by a 
water-cooled Pitot probe. 

Two different heater configurations were set up to achieve all eight test points. The arc 
heater configuration for all but one test point is shown in Figure 3. To maintain the high 
stagnation pressure while achieving the low temperature for an uncoated specimen 
(NH7), the same arc heater configuration was used with an addition of four 9.53 mm 
(3/8") N 2 gas lines to the plenum (see Figure 4). 

A test specimen and its holder were mounted on the left water-cooled, remotely 
actuated sting arm while a calorimeter (Medtherm # 620834) was mounted on the right. 
The target distance, distance from the nozzle's exit plane to the test specimen or to the 
calorimeter or to the Pitot probe, was set at 26.67 cm (10.5"). 


6.0 TEST PROCEDURES 

Test specimens were photographed, weighted, and measured before and after testing 
unless waived by the Rockwell Test Article Engineer or the NASA Test Director. 
Specimens were handled with clean white gloves and weighted within 0.001 gram. 
Test specimens were stored in a desiccator that was maintained under supervised 
control by EBASCO Quality personnel. 

Aluminum bags were used to prevent the absorption of atmospheric moisture while 
specimens were being weighted. Prior to weighing, the specimens were placed inside 
opened aluminum bags and then both specimens and bags were placed inside a 
1 12°C (233°F) oven for four hours to remove water of hydration. The aluminum bags 
were sealed and the specimens were allowed to cool prior to weighing. All weights 
and measures were witnessed by EBASCO quality assurance inspectors. 

After each test run, the specimen was left in vacuum for 20 minutes so that the 
temperature of the specimen would fall below 260°C (500°F) to eliminate extraneous 
oxidation of the carbon substrate. 



For uncoated test specimens, nitrogen preheat was performed by operating the arc 
heater on 100% Nitrogen for 120 seconds following specimen insertion. This action 
minimized oxidation of the substrate while the specimen temperature was increasing 
rapidly. 

Rigorous test management and control were implemented by formal documentations 
(e.g., Discrepancy Reports, Anomaly Logs, Standard Operating Procedures, and Test 
Preparation Sheet). Quality assurance representatives witnessed all pre-test and post- 
test measurements, monitored test systems configurations, insured metrology 
requirements were met, and participated as test observers. 


7.0 TEST CONDITIONS AND CALIBRATIONS 

The desired test temperatures ranged from 1760°C (3200°F) to 1871°C (3400°F) at a 
desired pressure of 14.366 KPa (300 psf). Experience from previous test programs has 
shown that the test pressure on the 10.16-cm (4-inch) model face is uniform to within 
about 14% and is 1 .33 times the value measured with the 1.27cm (0.5“) diameter Pitot 
probe. The requested test conditions are summarized in Table 1. The facility test 
parameters are presented in Appendix B. 

Due to the limited number of calibration specimens, the primary purpose of the 
specimens was to reestablish the validity of the laser pyrometer (NASA G22618) and 
the surface thermocouples relationship that was utilized successfully during the earlier 
test programs. Actual test points were then identified with the laser pyrometer. Thus, 
achieving the requested surface temperatures for the specimens was chosen to be the 
primary requirement while meeting the requested surface pressure was the secondary. 

The laser pyrometer operates in a narrow wavelength band centered on 0.865 micron. 
When commanded, it sends a modulated laser light beam to the target and measures 
the power level of the fraction of the beam that has returned after reflection from the 
target. It performs the appropriate computations to infer the emissivity of the target from 
these data and automatically displays the corrected temperature readings. 

Although the automatic emittance measuring feature was found to be unusable due to 
fluctuations in the boundary layer emissions, this instalment still provides accurate 
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RCC temperature measurements since the specimen optical properties proved to be 
very stable at 0.865 micron. An emittance/window correction of 0.68 was found to 
correlate within 5.6°C (10°F) with coated and uncoated RCC over the complete range 
of temperatures under investigation. 


8.0 RESULTS & DISCUSSION 

Test results are summarized in Table 2. The term "hot spot" refers to the surface 
condition of the test specimen at which the coating failure occurred. This phenomenon 
can be visually observed through a television monitor or graphically seen as a rapid 
increase in the surface temperature plots. 

Transient surface temperature plots are presented in Figures 5 through 1 6. The laser 
pyrometer analog output is programmed not to update if the radiant level is out of 
range. Therefore, the initial values shown on these temperature plots are not valid until 
the test specimen temperature has risen to approximately 815°C (1500°F). 

During the first and second run of NH2 specimen and during the first run of NH3 
specimen (run identification # 1-403-DD, # 1-410-DD, and # 1-404-DD), a vacuum 
abort occurred. These test runs were resumed quickly. Therefore, there was a short 
discontinuity in the transient temperature cun/e on each of the plots (see Figures 5, 6, 
and 9). 

During the second run of the NH3 specimen (run # 1-41 1-DD), the data acquisition 
system stopped updating 434 seconds after the specimen had been inserted in the 
flow. Because the test specimen has already reached a steady state temperature and 
the flow conditions were kept constant, a decision was made to continue the test. 
However, the test was later aborted due to a hydraulic system failure 918 seconds after 
specimen insertion. Thus, the transient temperature plot for this run stops at 434 
seconds (see Figure 10), and the post test specimen's measurements are for a 918 
seconds duration run. 

For specimens NH5, NH9, and NH10 which were tested at 1871°C, 1843°C, and 
1824°C (3400°F, 3350°F, and 331 5°F), respectively, a hot spot was developed 
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approximately 27, 100, and 132 seconds after specimen insertion (see Figures 8, 13, 
and 14). 

For the uncoated specimens (NH7 and NH8), there were 120 seconds of nitrogen 
preheat to reduce extraneous oxidation before steady state temperatures were 
achieved. After the nitrogen preheat, oxygen was injected into the heater to simulate 
an oxygen level of 23%. The injection of oxygen resulted in increasing total gas 
enthalpy. Therefore, there was a sudden increase in surface temperature at 120 
seconds after specimen insertion (see Figures 15 and 16). 

Pre and post-test thickness and weight measurements for all test specimens are 
summarized in Appendix C. On the third run of specimens NH2 and NH3 (run # 1-412- 
DD and 1-413-DD), the surface recessed so much into the carbon that the post-test 
measurements were waived. 

Post-test photographs of the specimens are shown in Figures A-10 through A-17 in 
Appendix A. For the multiple run specimens (NH2 and NH3), there were no 
photographs taken prior to their last runs (1-412-DD and 1-413-DD) because the 
photographs were taken at the end of the test program. 


9.0 CONCLUSIONS 

The test objective of developing a data base for assessing the influence of TEOS and 
Type A enhancement surface sealants on surface heating and chemistry at the 
predicted TAL temperature and pressure levels was achieved. 

The test results indicated that RCC coating failure occurred between 1816°C (3300°F) 
and 1 824°C (331 5°F). Compared to the previous test program with sealed RCC, this is 
about 28°C (50°F) higher. Thus, the thermal effect of the sealants on coated RCC is 
negligible under a TAL condition. All test data were transferred to the test requester for 
surface recession rate determination. 



COATED SPECIMENS 


Specimen Pressure Temperature Duration 

ID (psf) (°F) (sec) 


NH2 

300 


300 


300 

NH3 

300 


300 


300 

NH4 

300 

NH5 

300 

NH9 

300 

NH10 

300 


3200 

1200 

3200 

1200 

3200 

1200 

3250 

1200 

3250 

1200 

3250 

1200 

3300 

600 

3400 

# 

3350 

# 

3325 

# 


# Test for 40 seconds after coating failure "hot spot" occurred. 


UNCOATED SPECIMENS 


Specimen Pressure Temperature Duration 

ID (psf) (°F) (sec) 

NH7 300 2650 300* * 

NH8 300 3400 120* 


* Excluding 120 seconds of nitrogen preheat. 


Table 1 : Requested Test Conditions 











COATED SPECIMENS 


Specimen Pressure Temperature Duration Run ID 

ID (psf) (°F) (sec) # 


NH2 

338 

3170 

1200 

1-403-DD 


348 

3150 

1200 

1-410-DD 


348 

3150 

1200 

1-413-DD 

NH3 

345 

3235 

750 

1-404-DD 


354 

3220 

918 

1-411-DD 


354 

3210 

1200 

1-412-DD 

NH4 

373 

3238 

600 

1-408-DD 

NH5 

400 

3440 

83# 

1-409-DD 

NH9 

377 

3340 

143# 

1-414-DD 

NH10 

369 

3315 

165# 

1-416-DD 


# Hot spot occurred. 


UNCOATED SPECIMENS 


Specimen 

Pressure 

Temperature 

Duration 

Run ID 

ID 

(psf) 

(°F) 

(sec) 

# 


NH7 

313 

2690 

300* 

1-419-DD 

NH8 

316 

3275 

120* 

1-420-DD 


* Excluding 120 seconds of nitrogen preheat. 


Table 2: Actual Test Conditions 










19 Ply, RCC Disk 


2.810" 


+ 0 . 000 " 
- 0.005" 



(after coating) 


NOTE: 1 . TC #1 , TC #2, and TC #3 are type C thermocouples 
(Tungsten 5% Rhenium / Tungsten 26% Rhenium). 

2. TC #1 and TC #3 are inserted from the back face 
(bag side) to the back of the front face coating 
through 1/16" diameter alumina insulators. 

3. TC #2 is bonded to the back face. 

4. Alumina isolators for both TC #1 and TC #2 are 
bonded together. 

5. All alumina insulators are extended 1.5“ from the 
back face. 

6. Total length of thermocouple wire and the compensating 
lead wires is 42". 


Figure 1 : Calibration Specimen 
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Retention Pin 
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Figure 2: Test Specimen and Specimen Holder Assembly 



DUAL DIAMETER 
CONFIGURATION RECORD #1-2 


TEST NO: 1-403-DD 

NOZZLE: 5“ CONICAL NOZZLE MOUNTED 
OUTSIDE; ADAPTER PLATE MOUNTED 
INSIDE 

COOLANT MANIFOLD: SINGLE PASS, 

COOLANT INLET SET @ 580 PSIG OR MAX OUTPUT 
THROAT DIAMETER: 2.25" 


PAGE 2 OF 2 TPS AK9220002 
NON-SEALED RCC TAL TEST 
DATE:02-05-92 
CATHODE: TUNGSTEN 
COLUMN LENGTH: 10 PACKS 
TYPE PACKS: 1.25" -0- 
1.50" 2 

1 .50/2.36“ 1 

2.36" 7 


CATHODE PACK, SIZE: 1.50 
“COLUMN PACK, SIZE: 1.50 

TRANSITION PACK, SIZE: 1.50/2.36 

I 1 I I I I COLUMN PACH 

SIZE: 2.36 

j“ANOC 

PACH 

SIZE: 

2.36 
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COLUMN GAS 

INJECTION CONFIGURATION 1 

GAS 

PACK 

SEGMENTS 

N2 

1 

2, 4,6 

N2 

4 

3, 13 

N2 

5 

3 

N2 

10 

17, 18, 19 

02 

6 

3, 8, 13, 18 

02 

7 

3, 8 





PRESSURE TRANSDUCER LOCATIONS: N2 MANIFOLD; PACK 1/SEG 10; PACK 5/SEG 8; 

PACK 10/SEG 16; ANODE PLENUM; 02 MANIFOLD. 

5.0 OHM RIBBON WIRE RESISTOR BETWEEN ORIFICES IN ANODE PLENUM. 

COMMENTS: EIGHT (8) 0.0635" DIAMETER ORIFICES IN ANODE PLENUM. 

1 .50" DIA. TO 2.36“ DIA. TRANSITION AT SEGMENTS 4, 5 & 6 IN PACK 3. 

VENT ORIFICES: GN2=0.3750” DIA. ; GO2=0.4375"DIA. 


Figure 3: Heater Configuration for Test Points above 3200°F 
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DUAL DIAMETER 
CONFIGURATION RECORD #1-4 


TEST NO: 1-418-DD 

NOZZLE: 5" CONICAL NOZZLE MOUNTED 
OUTSIDE; ADAPTER PLATE MOUNTED 
INSIDE 


PAGE 2 OF 2 TPS AK9220004 
NON-SEALED RCC TAL TEST 
DATE: 03-02-92 
CATHODE: TUNGSTEN 
COLUMN LENGTH: 10 PACKS 
TYPE PACKS: 1.25" -0- 
1 .50" 2 

1.50/2.36" 1 


COOLANT MANIFOLD: SINGLE PASS, 

COOLANT INLET SET @ 580 PSIG OR MAX OUTPUT 


2.36“ 7 


THROAT DIAMETER: 2.25" 


CATHODE PACK.SIZE: 1 .50 

[“COLUMN PACK.SIZE: 1.50 

TRANSITION PACK, SIZE: 1.50/2.36 

I 1 1 1 1 1 COLUMN PACK? 

SIZE: 2.36 

|“ANODI 

PACK, 

SIZE: 

2.36 
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I COLUMN GAS INJECTION CONFIGURATION 1 

GAS 

PACK 

SEGMENTS 

N2 

1 

2, 4,6 

N2 

4 

3, 13 

N2 

5 

3 

N2 

10 

17, 18, 19 

02 

6 

3, 8, 13, 18 

02 

7 

3,8 

N2 


Four 3/8" OD lines to Anode Plenum 


PRESSURE TRANSDUCER LOCATIONS: N2 MANIFOLD; PACK 1/SEG 10; PACK 5/SEG 8; 

PACK 10/SEG 16; ANODE PLENUM; 02 MANIFOLD. 

5.0 OHM RIBBON WIRE RESISTOR BETWEEN ORIFICES IN ANODE PLENUM. 

COMMENTS: EIGHT (8) 0.1085" DIAMETER ORIFICES IN ANODE PLENUM. 

1 .50" DIA. TO 2.36“ DIA. TRANSITION AT SEGMENTS 4, 5 & 6 IN PACK 3. 

VENT ORIFICES: GN2=0.3750" DIA. ; G02=0.2187" DIA. 


Figure 4: Heater Configuration for NH7 Specimen 
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Figure 5: First Run of NH2 (Run ID # 1-403-DD) 
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Figure 6: First Run of NH3 (Run ID # 1-404-DD) 
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Figure 7: First and Final Run of NH4 (Run ID # 1-408-DD) 
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Figure 8: First and Final Run of NH5 (Run ID # 1-409-DD) 
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Figure 9: Second Run of NH2 (Run ID # 1-410-DD) 
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Figure 10: Second Run of NH3 (Run ID # 1-41 1-DD) 
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Figure 11: Third Run of NH3 (Run ID # 1-412-DD) 
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Figure 12: Third Run of NH2 (Run ID # 1-413-DD) 
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Figure 13: First and Final Run of NH9 (Run ID# 1-414-DD) 
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Figure 14: First and Final Run of NH10 (Run ID # 1-416-DD) 
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Figure 15: First and Final Run of NH7 (Run ID # 1-419-DD) 
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Figure 16: First and Final Run of NH8 (Run ID # 1-420-DD) 
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Non-sealed RCC TAL Abort Verification Test 

Air at 0.6 Ibm/s -- Target at 10.5“ 

Heater Configuration # 1-2 
Medtherm Calorimeter # 620834 
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POST-TEST RESULTS/COMMENTS: 
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